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The possibility of utilizing a shallow underground laboratory for the study of energy dependent solar modulation
process is investigated. The laboratory is equipped with muon detectors at ground level and underground
(25mwe), and with an underground asymmetric muon telescope to have a single site detection system sensitive
to different median energies of primary cosmic-ray particles. The detector response functions to galactic cosmic

rays are determined from Monte Carlo simulation of muon generation and propagation through the atmosphere
and soil, based on CORSIKA and GEANT4 simulation packages. The present setup is suitable for studies of energy
dependence of Forbush decreases and other transient or quasi-periodic cosmic-ray variations.
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1. Introduction

Galactic cosmic rays (GCR) arriving at Earth after propagating
through the heliosphere interact with nuclei in the atmosphere. These
interactions of primary CRs lead to production of a cascade (shower)
of secondary particles: hadrons, electrons, photons, muons, neutrinos.
Ground based CR detectors are designed to detect some species of
secondary cosmic radiation. Widely in use are neutron monitors [1,2],
muon telescopes [3,4], various types of air shower arrays [5], y-ray air
Cherenkov detectors [6], air fluorescence detectors [7] etc.

The flux and energy spectra of GCR are modulated by the solar
magnetic field, convected by the solar wind. Particularly affected are
GCR at the low energy side of the spectrum (up to ~100 GeV). Therefore,
secondary CRs generated in the atmosphere can be used for studying
solar and heliospheric processes. Among the best known effects of the
solar modulation are CR flux variations with 11 year period of the solar
cycle, 22 year magnetic cycle, diurnal variation and Forbush decrease.
The so called corotation with the solar magnetic field results in the flux
variation with the 27-day period of solar rotation.

Modulation effects have been studied extensively by neutron mon-
itors (NM) [8,9], sensitive up to several tens of GeV, depending on
their geomagnetic location and atmospheric depth. Muon detectors at
ground level are sensitive to primary particles of higher energies than
NMs. Underground muon detectors correspond to even higher energy
primaries. For this reason muon observations complement NM observa-
tions in studies of long-term CR variations, CR anisotropy and gradients
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or rigidity spectrum of Forbush decreases. However, muon observations
suffer from difficulties to disentangle variations of atmospheric origin.
While the effect of atmospheric pressure is similar to NMs and easy
to account for, the temperature effect is more complicated. The entire
temperature profile of the atmosphere is contributing, with different
net temperature effect on muon flux at different atmospheric layers, as
a result of interplay of positive and negative temperature effects. The
positive temperature effect is a consequence of reduced atmospheric
density with the temperature increase, resulting in less pion interactions
and more decays into muons [10]. The negative temperature effect
comes from the increased altitude of muon production at the periods
of high temperature, with the longer muon path length and the higher
decay probability before reaching the ground level [11]. Both effects
are accounted for by the integral method of Dorman [12]. The negative
temperature effect is dominant for low energy muons (detected at
ground level) and the positive for high energy muons (detected deep
underground). At shallow depth of several tens of meters of water equiv-
alent both temperature effects contribute to the overall temperature
effect. Several detector systems with different sensitivity to primaries at
the same location have the advantage of sharing common atmospheric
and geomagnetic conditions.

Belgrade CR station is equipped with muon detectors at ground
level and at the depth of 25 m.w.e. Underground laboratory is reached
only by muons exceeding energy threshold of 12 GeV. The existing
detectors are recently amended by additional setup in an attempt to fully
exploit laboratory’s possibilities to study solar modulation at different
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median rigidities. In the present paper the detector systems at the
Belgrade CR station are described. Response functions of muon detectors
to galactic cosmic rays are calculated. The detector system represents
useful extension of modulation studies with neutron monitors to higher
energies, as it is demonstrated in the case of a recent Forbush event.

2. Description of Belgrade CR station

The Belgrade cosmic-ray station, situated at the Low Background
Laboratory for Nuclear Physics at Institute of Physics, is located at near-
sea level at the altitude of 78 m a.s.1. Its geographic position is: latitude
44°51’N and longitude 20°23’E, with vertical cut-off rigidity 5.3 GV. It
consists of the ground level lab (GLL) and the underground lab (UL)
which has useful area of 45 m?, dug at a depth of 12 m. The soil
overburden consists of loess with an average density 2.0 + 0.1 g/cm3.
Together with the 30 cm layer of reinforced concrete the laboratory
depth is equivalent to 25 m.w.e. At this depth, practically only the
muonic component of the atmospheric shower is present [13].

2.1. Old setup

The experimental setup [14] consists of two identical sets of detec-
tors and read out electronics, one situated in the GLL and the other in the
UL. Each setup utilizes a plastic scintillation detector with dimensions
100 cm X 100 cm x 5 cm equipped with 4 PMTs optically attached
to beveled corners of a detector. Preamplifier output of two diagonally
opposing PMTs are summed and fed to a digitizer input (CAEN FADC,
type N1728B). FADC operates at 100 MHz frequency with 14 bit
resolution. The events generating enough scintillation light to produce
simultaneous signals in both inputs exceeding the given threshold are
identified as muon events. The simulated total energy deposit spectrum
is presented on the left panel of Fig. 1. After the appropriate threshold
conditions are imposed on the signals from two diagonals, the spectrum
is reduced to the one represented on the right panel of the same figure.
Contribution from different CR components are indicated on both graphs
and experimentally recorded spectrum is plotted as well.

Particle identification is verified by a two-step Monte Carlo simula-
tion. In the first step development of CR showers in the atmosphere
is traced, starting from the primary particles at the top of the at-
mosphere by CORSIKA simulation package. CORSIKA output contains
information on generated particles (muons, electrons, photons, etc.) and
their momenta at given observation level. More details on CORSIKA
simulation will be given in Section 3. This output serves as an input
for the second step in simulation, based on GEANT4. In the later step
energy deposit by CR particles in the plastic scintillator detector are
determined, together with the light collection at PMTs. Contributions
from different CR components to recorded spectrum are also shown in
Fig. 1.

According to the simulation, 87.5% of events in the coincident
spectrum originate from muons. To account for the contribution from
other particles to the experimental spectrum not all the events in the
spectrum are counted when muon time series are constructed. Muon
events are defined by setting the threshold corresponding to muon
fraction of recorded spectrum. Threshold is set in terms of “constant
fraction” of the spectrum maximum, which also reduces count rate
fluctuations due to inevitable shifts of the spectrum during long-term
measurements.

2.2. Upgrade of the detector system

Existing detectors enable monitoring of CR variations at two differ-
ent median energies. An update is contemplated that would provide
more differentiated response. Two ideas are considered. First one was to
extend the sensitivity to higher energies with detection of multi-muon
events underground. An array of horizontally oriented muon detectors
ought to be placed in the UL. Simultaneous triggering of more than
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one detector is an indication of a multi-muon event. The idea was
exploited in the EMMA underground array [15], located at the deeper
underground laboratory in Pyhasalmi mine, Finland, with the intention
to reach energies in the so called knee region. For a shallow underground
laboratory, exceeding the energy region of solar modulation would
open the possibility to study CR flux variations originating outside the
heliosphere. Second idea is an asymmetric muon telescope separating
muons with respect to zenith angle. Later idea is much less expensive to
be put into practice.

Both ideas will be explained in detail and response function to GCR
for existing and contemplated detectors calculated in the next section.

3. Calculation of response functions

Nature of variations of primary cosmic radiation can be deduced
from the record of ground based cosmic ray detectors provided relation
between the spectra of primary and secondary particles at surface level
are known with sufficient accuracy. Relation can be expressed in terms
of rigidity or kinetic energy.

Total detector count rate can be expressed as:

Y(E,h) - J(E,)dE
Ep

N(Ey )= @
1
where E is primary particle energy, i is type of primary particle (we
take into account protons and « particles), J;(E,?) is energy spectrum
of primary particles, h is atmospheric depth and Y;(E,h) is the so
called yield function. E,, is the threshold energy of primary particles.
It depends on location (geomagnetic latitude and atmospheric altitude)
and detector construction details. At a given location on Earth, only
particles with rigidity above vertical rigidity cut-off contribute to the
count rate. Also, detector construction often prevents detection of low
energy particles. For instance, muon detectors are sometimes covered
with a layer of lead. In present configuration our detectors are lead free.
Historically, yield functions were calculated empirically, often ex-
ploiting the latitude variations of neutron and muonic CR compo-
nent [16-18]. With the advancement of computing power and modern
transport simulation codes it became possible to calculate yield func-
tions from the interaction processes in the atmosphere [19,20]. The yield
function for muons is calculated as:

[o]
Y, (E,h) = / /S,—(B,qb)-cD,-’y(E,-,h,E,H,qf))dEd.Q 2)
Ey,
where S(0, ¢) is the effective detector area and integration is performed
over upper hemisphere. @, ,(E;, h, E, 0, $) is the differential muon flux
per primary particle of the type i with the energy E;.

Total differential response function:

W (E, h,t)= Y Y(E,h)- J,(E,1) 3
1

when normalized to the total count rate gives the fraction of count

rate originating from the primary particles with the energy in the

infinitesimal interval around E. Integration of differential response

function gives the cumulative response function.

The response functions of our CR detectors are calculated using
Monte Carlo simulation of CR transport through the atmosphere with
CORSIKA simulation package. Simulation was performed with protons
and a-particles as primary particles. They make ~94% (79% + 14.7%)
of all primaries [21]. Implemented hadron interaction models were
FLUKA for energies below 80 GeV, and QGSJET II-04 for higher
energies. If the old version of QGSJET is used, a small discontinuity
in response function is noticed at the boundary energy between two
models. Geomagnetic field corresponds to the location of Belgrade
B, = 22.61 pT, B, = 42.27 uT. Power law form of differential energy
spectrum of galactic cosmic rays J,(E) ~ E27 is assumed. Energy
range of primary particles is between 1 GeV and 2 - 107 GeV. Interval
of zenith angles is 0° < § < 70°. Low energy thresholds for secondary
particles are: 150 MeV for hadrons and muons and 15 MeV for electrons
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Fig. 1. Left — AE spectrum in the plastic scintillator detector, derived from GEANT simulation; right — the same, but for the events exceeding threshold on both diagonals. Contribution
of different CR components to the total energy deposit in the detector: muons-gray line, photons-blue line, electrons-green line and sum of all contributions — red line. The black curve
on the right panel is the experimental spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

0.030 0.03
™
0.025 4 I
[
Py
| A
0.020 0.02 \
L
0.015 4 ]
s
0.010 001 -
0.005 - ]
:
|
|
T T T T T T T T T T T T M 1 M T T 1 T 1 000 T T T T T 1
0 100 200 300 400 500 600 700 800 900 1000 0 50 100 150 200 250 300
E . (GeV)

E_ . (GeV)
Fig. 2. Left: normalized total response function of ground level muon detector to galactic cosmic rays; right: same as left, fitted with Dorman function (red line). (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of this article.)
composition used in our work is taken from a geochemical study of
neighboring loess sections of Batajnica and Stari Slankamen [22]. Most

0.008
‘J abundant constituents are quartz (SiO,) 70%, alumina (Al,053) 15% and
0.006 IN quicklime (CaO) 10%, while others include Fe, 05, MgO, TiO,, K,O0,....
“H Inaccuracy of our knowledge of the soil chemical composition should
V ”M not strongly affect our results since, at relevant energies, dominant
0.004 4 , W energy loss mechanism for muons is ionization which, according to
y \h Bethe-Bloch formula depends mostly on (Z)/(A). Soil density profile
\‘ is probed during laboratory construction. It varies slowly with depth
0.0024 ‘ l‘,‘u | and average density is found to be (2.0 +0.1) g/cm?.
“ ',\‘Ml‘h m l“ | In the simulation, the effective area and angular acceptance of
f (T M“ A 1 l ll l K n J different modes of asymmetric muon telescope (single, coincident and
‘ iy it ‘M“‘ I l,A,MnNJ_A‘ I ‘.ilj.ﬂ.“"‘[‘ anticoincident) are taken into account.
0.000 0 ) 2(')0 ) 4(')0 ) 6(I)0 ) 8(I)0 ) ) 0'00' 12'00' | 4'00' ) GIOO' ) 8I00' 20'00 According to Dorman [12], response function can be parametrized
E . (GeV) as:
0, if E < Ey;
Fig. 3. Response function for multi-muon events in UL to galactic cosmic rays. W(E) = M’ otherwise; @
E®D(1 —aEZF)
th
with the high energy asymptotics: W(E) x a - k - E-*+D,
and photons. Selected atmospheric model is AT511 (Central European
atmosphere for May 11 1993). Observational level is at 78m a.s.1.
For calculation of response functions for underground detectors, sim- 3.1. Ground level
ulation of particle propagation through the soil overburden is performed
using the code based on GEANT4 package. For precise calculation of Calculated response function for ground level muon detector is
presented on Fig. 2, together with fitted Dorman function (4).

energy loss, chemical composition of the soil needs to be known. The
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Fig. 4. Left: Schematic view of the asymmetric muon telescope; PS1 — plastic scintillator detector 1, PS2 — plastic scintillator detector 2. Right: angular distribution of detected muons
in single mode (red), coincident mode (green) and anticoincident mode (blue), normalized to number of counts in each mode. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 5. Response function of single mode of ASYMUT in the UL to galactic cosmic rays. On the right panel the energy interval of interest is enlarged and Dorman function fit is plotted
(red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Response function of coincident mode of asymmetric muon telescope in the UL to galactic cosmic rays. On the right panel the interesting energy interval is enlarged and Dorman
function fit is plotted (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Underground

3.2.1. Multi-muon events

Count rate of multi-muon events underground turned out to be too
low for the above mentioned array detector experiment to be feasible
in our laboratory. To collect enough events for construction of the
response function (Fig. 3), allowed muon separation is 200 m, fairly
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exceeding laboratory dimensions. Under these conditions calculated
median energy is 270 GeV.

3.2.2. ASYmmetric MUon Telescope (ASYMUT)

Asymmetric muon telescope is an inexpensive detector, constructed
from components already available in the laboratory. It consists of two
plastic scintillators of unequal dimensions. The lower is identical to the
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Fig. 7. Response function of anticoincident mode of asymmetric muon telescope in the UL to galactic cosmic rays. On the right panel the interesting energy interval is enlarged and
Dorman function fit is plotted (red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Cumulative response function to galactic cosmic rays of different muon detectors in the Belgrade CR station: black curve — GLL; red curve — single UL; green curve — CC mode
and blue curve — ANTI CC mode of asymmetric muon telescope. The 0.5 level corresponds to median energy. Cumulative response function with enlarged region around this level is
shown in the right picture. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

one located in the GLL (100 x100 x5 cm) and upper one is 50 x46 X5 cm.
Detectors are separated vertically by 78 cm, as depicted in Fig. 4, to
have roughly the same count rate in the coincident and anticoincident
mode. Lower detector in single mode operates in the same manner as the
one in the GLL, with wide angular acceptance. The coincident mode is
composed of the events registered in both upper and lower detector. In
the anticoincident mode, muons passing through the upper but not the
lower detector are counted. Therefore, the later mode favors inclined
muon paths. Different angular distribution means different path length
of muons registered in three modes of ASYMUT (right part of Fig. 4) and
also different energy distribution of parental primary particles.

The response functions to GCR of three modes of ASYMUT are shown
on Figs. 5-7 and respective cumulative response functions are shown on
Fig. 8.

Important parameters describing shapes of response functions are
summarized in Table 1. The most often used characteristics of a detector
system is its median energy E,,,. Primary particles with the energy be-
low E,,,; give 50% contribution to detector count rate. The energy inter-
val ((Eg o5, Eg 95) is responsible for 90% of registered events. Fitted value
of the parameter k from Dorman function (Eq. (4)) is also presented. The
parameters E s and E,,, are determined with 1 GeV accuracy, while
the uncertainty of E, o5 is much higher due to small number of very high
energy events and is conservatively estimated as 10%.
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Table 1

Sensitivity of Belgrade CR detectors (GLL — ground level; UL — underground based ASY-
MUT single mode; CC — ASYMUT coincident mode; ANTI — ASYMUT anticoincident
mode) to GCR primary particles. Primaries with the energy below E; s (and above E,)s)
contribute with 5% to the count rate of a corresponding detector. E,,, is median energy,
E,;, threshold energy and k is Dorman parameter.

det E, (GeV)  Eyos (GeV)  E,o, (GeV)  Eyos (GeV) K
GLL 5 11 59 915 0.894(1)
UL 12 31 137 1811 0.971(4)
cc 12 27 121 1585 1.015(3)
ANTI 14 35 157 2031 0.992(4)

3.3. Conclusions

Usefulness of our setup for solar modulation studies is tested on the
example of investigation of a Forbush decrease of 8 March 2012. In the
first half of March 2012 several M and X class solar flares erupted from
the active region 1429 on the Sun. The strongest were two X class flares
that bursted on March 7. The first one is the X5.4 class flare (peaked
at 00:24 UT) and the second one is the X1.3 class flare (peaked at
01:14 UT). The two flares were accompanied by two fast CMEs, one
of which was Earth-directed [23]. Several magnetic storms were also
registered on Earth, and a series of Forbush decreases is registered. The
most pronounced one was registered on March 8. Characteristics of this
event as recorded by various neutron monitors and our detectors are
compared.
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Fig. 9. Rigidity spectrum of FD from 12 March 2012. Black points represent the amplitude
of the event as seen by twelve NMs: 1 — Athens, 2 — Mexico City; 3 — Almaty, 4 —
Lomnicky stit; 5 — Moscow; 6 — Kiel; 7 — Yakutsk; 8 — Apatity; 9 — Inuvik; 10 —
McMurdo; 11 — Thul; 12 — South Pole. Blue points are from Belgrade CR station: GLL —
ground level and UL — underground. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

Amplitude of a Forbush decrease is one of its main characteristics.
Dependence of FD amplitude on median rigidity (or energy) is expected
to follow the power law: AN/N ~ RV [12].

For investigation of rigidity spectrum of mentioned FD data from
12 NMs are combined with the data from our two detectors (GLL and
UL) that were operational at the time of the event. Neutron monitor
data in the period between 1 March 2012 and 1 April 2012 are taken
from the NMDB database (www.nmdb.eu) [24]. The exponent of the
rigidity spectrum of this FD y is obtained by the least-square fitting of
the data with the power function (Fig. 9) and found to be y = 0.92+0.18.
Presented analysis illustrates applicability of our setup for studies of
consequences of CR solar modulation process in the energy region
exceeding sensitivity of neutron monitors.
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The indoor radon behavior has complex dynamics due to the influence of the large number of
different parameters: the state of indoor atmosphere (temperature, pressure, and relative hu-
midity), aerosol concentration, the exchange rate between indoor and outdoor air, construc-
tion materials, and living habits. As a result, indoor radon concentration shows variation,
with the usual periodicity of one day and one year. It is well-known that seasonal variation of
the radon concentration exists. It is particularly interesting to investigate indoor radon varia-
tion at the same measuring location and time period, each year, due to estimation of individual
annual dose from radon exposure. The long-term indoor radon measurements, in a typical
family house in Serbia, were performed. Measurements were taken during 2014, 2015, and
2016, in February and July, each year. The following measuring techniques were used: active
and charcoal canisters methods. Analysis of the obtained results, using multivariate analysis

methods, is presented.

Key words: radon variability, multivariate regression analysis, multi-seasonal radon

measurements, indoor radon

INTRODUCTION

The research of the dynamics of radon in various
environments, especially indoors, is of great impor-
tance in terms of protection against ionizing radiation
and in designing of measures for its reduction. Pub-
lished results and development of many models to de-
scribe the behavior of indoor radon, indicates the com-
plexity of this research, especially with models for
prediction of the variability of radon [1-3]. This is be-
cause the variability of radon depends on a large num-
ber of variables such as local geology, permeability of
soil, building materials used for the buildings, the state
of the indoor atmosphere (temperature, pressure and
relative humidity), aerosol concentration, the ex-
change rate between indoor and outdoor air, construc-
tion materials, as well as the living habits of people. It
is known that the indoor radon concentration variation
has periodicity of one day and one year. It is also
well-known that the seasonal variation of the radon
concentration exists. This is why it is particularly in-
teresting to investigate indoor radon variation at the
same measuring location and time period, year after

* Corresponding author; e-mail: udovicic@ipb.ac.rs

year, in order to estimate the individual annual dose
from radon exposure. In that sense, we performed
long-term indoor radon measurements in a typical
family house in Serbia. Measurements were taken dur-
ing the 2014, 2015, and 2016, in February and July,
each year. We used the following measuring tech-
niques: active and charcoal canisters methods. The de-
tailed analysis of the obtained results using
multivariate analysis (MVA) methods is presented in
this paper.

First, MVA methods were tested on the radon
variability studies in the Underground Low Back-
ground Laboratory in the Institute of Physics, Bel-
grade [4, 5]. Several climate variables: air tempera-
ture, pressure, and humidity were considered. Further
advance was made by using all the publicly available
climate variables monitored by nearby automatic me-
teorological station. In order to analyze the depend-
ence of radon variation on multiple variables,
multivariate analysis needs to be used. The goal was to
find an appropriate method, out of the wide spectrum
of multivariate analysis methods that are developed
for the analysis of data from high-energy physics ex-
periments, to analyze the measurements of variations
of radon concentrations in indoor spaces. Previous
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analysis were done using the maximum of 18 climate
parameters and use and comparison of 8 different
multivariate methods. In this paper the number of vari-
ables is reduced to the most important ones and new
derived variables, like vapor pressure, simple modeled
solar irradiance and simple modeled precipitation,
which were introduced in the multivariate analysis.

INDOOR RADON MEASUREMENTS
METHODS

Depending on the integrated measurement time,
methods of measurement of the indoor radon concentra-
tions may be divided into long-term and short-term ones.
The device for the performed short-term radon measure-
ments is SN1029 radon monitor (manufactured by the
Sun Nuclear Corporation, NRSB approval-code 31822)
with the following characteristics: the measurement
range from 1 Bgm™ to 99.99 kBqm3, accuracy equal to
+25 %, sensitivity of 0.16 counts hour per Bqm™. The
device consists of two diffused junction photodiodes as
the radon detector which is furnished with sensors for
temperature, barometric pressure, and relative humidity.
The sampling time was set to 2 h. The method for Char-
coal Canister used is: EERF Standard Operating Proce-
dures for Radon-222 Measurement Using Charcoal Can-
isters [6], also used by major laboratories which conduct
radon measurements in Serbia [7]. Exposure time of the
charcoal canisters was 48 h. The connection between
short term and long term measurements has attracted
some interest previously [8].

The family house, selected for the measurements
and analysis of variations of radon concentrations, is a
typical house in Belgrade residential areas, with re-
quirement of existence of cellar. House is built on
limestone soil. Radon measurements were carried out
in the living room of the family house, which is built of
standard materials (brick, concrete, mortar) and iso-
lated with styrofoam. During the period of measure-
ments (winter-summer 2014, 2015, and 2016), the
house was naturally ventilated and air conditioning
was used in heating mode at the beginning of the mea-
surement period. During the winter period measure-
ments, the electrical heating was used in addition to air
conditioning. Measured radon concentrations, room
temperature (7 id), atmospheric pressure (P_id) and
relative humidity (A _id) inside the house, were ob-
tained using radon monitor. Values of meteorological
variables, in the measurement period, were obtained
from an automatic meteorological station, located near
the house in which the measurement was performed.
We used the following meteorological variables: ex-
ternal air temperature (7), also at height of Scm, pres-
sure (P) and humidity (H), solar irradiation, wind
speed, precipitation, temperature of the soil at depths
of 10 cm, 20 cm and 50 cm. The natural ventilation
routine was not monitored. Since the ventilation is of

crucial importance for the level of radon indoors [9],
Multivariate regression analysis was used mainly for
winter periods.

MULTIVARIATE REGRESSION
ANALYSIS

In many fields of physics, especially in high-en-
ergy physics, there is the demand for detailed analyses
of a large amount of data. For this purpose, the data
analysis environment ROOT [10], is developed.
ROOT 1is modular scientific software framework,
which provides all the functionalities needed to deal
with big data processing, statistical analysis, visual-
ization and storage. A specific functionality gives the
developed Toolkit for Multivariate Analysis (TMVA)
[11]. The TMVA provides an environment for the pro-
cessing, parallel evaluation and application of
multivariate regression techniques.

TMVA is used to create, test and apply all avail-
able regression multivariate methods, implemented in
ROOT, in order to find methods which are the most ap-
propriate and yield maximum information on the de-
pendence of indoor radon concentrations on the multi-
tude of meteorological variables. Regression methods
are used to find out which regression method can, if
any, on the basis of input meteorological variables
only, give an output that would satisfactorily close
match the observed variations of radon concentra-
tions. The output of usage of multivariate regression
analysis methods has mapped functional behavior,
which can be used to evaluate the measurements of ra-
don concentrations using input meteorological vari-
ables only. All the methods make use of training
events, for which the desired output is known and is
used for training of Multivariate regression methods,
and test events, which are used to test the MVA meth-
ods outputs.

RESULTS

Measurements were performed during February
and July in 2014, 2015, and 2016 using radon monitor
and charcoal canister measurements. The descriptive
results are summarized in tab. 1. The measurements
using radon monitor and charcoal canisters are in good
agreement.

Previous work done by researchers from the
Low Background Laboratory, Institute of Physics,
Belgrade, using the MVA analysis in search of connec-
tions between radon concentration and meteorological
variables, included only one period of measurement,
February or July 2014 [4]. Now the MVA analysis is
using all the measured data February/July 2014-2016.
New variables introduced in MVA analysis are mod-
eled solar irradiance, modeled precipitation and vapor
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Table 1. Descriptive results of February and July 2014, 2015, and 2016 measurements, using radon monitor and charcoal

canisters (only in February)

Arithmetic mean of radon activity using radon monitor
(standard deviation) [Bqm °]

2014 2015 2016
Results of measurements
Feb. July Feb. July Feb. July
Minimal radon activity using radon monitor [Bqm ] 15 0 28 0 12 3
Maximal radon activity using radon monitor [Bqm ] 1000 286 915 88 1013 262
Median radon activity using radon monitor [Bqm ] 418 25 524 22 412 28
402 40 508 27 423 39

(Q16) @) | (07) (18) | (214  (32)

Room temperature using radon monitor
(standard deviation) [°C]

204 247 21.2 24.9 23 246
(08) (09 | (06 (08 | (0.6) (0.8)

Relative humidity using radon monitor
(standard deviation) [%]

674 678 682 515 | 640 589
G @48 | @48 @D | 64 (153

Radon concentration
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Radon concentration [Eqm*’] and solar irradiace [Wm'Z]

Figure 1. Modeled solar irradiance in comparison with
measured radon concentration during February 2016

pressure. In order to make use of intensity of solar
irradiance during the whole day and night, the solar
irradiance is modeled so that it includes 80 % of solar
irradiance value from the previous measurement (pre-
vious hour) with addition of solar irradiance value for
the actual hour of measurement (fig. 1). The value of
80 % is chosen so that the modeled solar irradiation
has the best correlation with the radon measurements.
Similar model of precipitation was used in this analy-
sis. The next new variable is vapor pressure. The vapor
pressure variable is calculated using the slope s(T), of
the relationship between saturation vapor pressure and
air temperature and is given by [12, 13], so that the va-
por pressure equals relative humidity times saturation
vapor pressure, fig. 2.

Before the start of training of Multivariate re-
gression methods using TMVA toolkit in ROOT, the
description of input meteorological variables is per-
formed, mainly by looking into inter-correlations of
input variables and their connections with the mea-
sured radon concentrations. The MVA is using all the
measured data. Table 2 presents the meteorological
variables and their module value of correlation with
the measured radon concentrations (target), which is
indicative in finding linear dependence of radon mea-

Radon activity using charcoal canister 432 / 518 / 407 /
(standard deviation) [Bqm ] (10) (6) 5)
12001 150 — solar irradiance modelled 20004 S C:pdgppizggi:etr;tilTor 100

(Vapor pressure indoor — vapar pressure outdoor)-100-600

1500 o
A 114y 7

(]

[FAEr ey -y

RrAy e ey

AT IVl R

7 T \
[ 1

|

1000

500

-500 T T T T T 1
1.2.2016 52.2016 9.2.2016 13.2.2016 17.2,2016 21.2.2016 25.2.2016

Date

Radon concentration [Bgm™] and vapor pressure [kPa]

Figure 2. Vapor pressure in comparison with measured
radon concentration during February 2016

surements and input variables. The second column in
tab. 2 presents us with correlation ration values which
indicate if there are some functional dependence (not
only linear) between input variables and radon con-
centration, and the last column presents the mutual in-
formation which indicates if there is a non-functional
dependence of input variables and radon measure-
ments [11].

From tab. 2 it can be noticed that linear corre-
lated values are not the only ones which can be used in
MVA analysis, for example variable solar irradiance
has high mutual information with the radon measure-
ments.

In the data preparation for MVA training the
whole dataset is consisting of many events. An event
includes time of measurement, radon measurement
and meteorological variables. The dataset is randomly
split in two halves, one half of the events will be used
for training of multivariate regression methods, and
the other half of events for testing of methods, mainly
to compare the measured and MVA evaluated values
for radon concentration.

It turns out that the methods best suited for our
purpose is the Boosted Decision Trees (BDT) method.
This means that BDT gives the smallest difference be-
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Table 2. Input variable rank and values for correlation, correlation ratio and mutual information, all with the measured

radon concentrations (target) for February and July 2014-2016 measurements

Variable Correlation with target Correlation ratio Mutual information
Rank Value Rank Value Rank Value
Soil temperature depth 20 cm [°C] 1 0.87 1 0.60 13 1.48
Soil temperature depth 50 cm [°C] 2 0.86 2 0.57 14 1.31
Soil temperature depth 10 cm [°C] 3 0.82 3 0.54 9 1.84
Temperature outdoor [°C] 4 0.82 5 0.53 1.85
Vapor indoor — vapor od [mbar] 5 0.81 9 0.41 11 1.73
Temperature od — temperature id [°C] 6 0.80 4 0.53 6 1.92
Temperature height 5 cm [°C] 7 0.77 8 0.48 7 1.91
Vapor od [mbar] 8 0.76 10 0.41 5 1.92
Temperature id [°C] 9 0.75 7 0.49 17 1.16
Solar irradiance [Wm ] 10 0.61 0.50 2 2.23
Humidity indoor [%] 11 0.45 11 0.26 1 2.26
Humidity outdoor [%] 12 0.31 13 0.20 10 1.76
Air pressure outdoor [mbar] 13 0.27 17 0.07 12 1.55
Wind speed [ms’l] 14 0.22 16 0.01 16 1.28
Air pressure indoor [mbar] 15 0.17 18 0.04 15 1.31
Humidity od — Humidity id [%] 16 0.10 14 0.19 4 2.11
Precipitation [Lm’z] 17 0.01 15 0.19 18 1.13
Vapor indoor [mbar] 18 0.002 12 0.02 3 2.17

tween the measured radon concentration from test
sample and the evaluation of value of radon concentra-
tion using input variables only. This can be seen in fig.
3, which shows the distribution of BDT and BDTG re-
gression method outputs (evaluated values) in com-
parison with the measured radon concentration during
February 2016.

Since TMVA has 12 different regression meth-
ods implemented, only some of those will give useful
results when evaluating the radon concentration mea-
surements. Table 4 summaries the results of MVA
analysis. It shows the MVA methods RMS of differ-
ence of evaluated and measured radon concentration.
Also, tab. 4 shows the mutual information of measured
and MVA evaluated radon concentration. Besides

Radon
——BDT
- = - BDTG

10004

800+

600

4004

Hadon concentration and evaluation of
radon concentration [Bam ™|

200

0 T T T T T T v T v T v 1
1.2.2016 522016 9220161322016 17.22016 2122016 2522016
Date

Figure 3. Comparison of MVA evaluated radon
concentration and measured one from the test sample of
events during February 2016

BDT, the Multi-Layer Perceptron (MLP) [10], an im-
plementation of Artificial Neural Network multi
variate method, also gives good results.

The MVA regression analysis results in mapped
functional behavior and, as opposed to possible exis-
tence of theoretical modeling, which is independent of
the number of measurements, MVA depends on the
number of events. More events, the better mapped
function we get as a result. In this sense, if the number
of measurements is not great, multivariate analysis can
be used only as help, to indicate which variables are
more important to be used in theoretical modeling, for
comparison of mapped and modeled functions, and
modeled function test.

CONCLUSION

Indoor radon variation at one location in the
same periods (February and July), was investigated for
three years. Long-term indoor radon measurements
show intense seasonal variation. The results obtained
with different measuring methods are in good agree-
ment. The radon behavior in the house is almost the
same and shows good reproducibility year by year.
The small variations in the year by year dynamics are
originated mostly from the variations in meteorologi-
cal variables during winter seasons and mostly due to
ventilation habits during summer season. Ventilation
habits were not monitored nor taken into account in
MVA regression analysis. The preliminary results us-
ing multivariate analysis methods in TMVA are
shown. Main output of Multivariate regression analy-
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Table 3. Input variable correlation with the measured radon concentrations for February and July 2016

Correlation with target
February 2016 July 2016
Variable Value Variable Value
Vapor id-vapor od [mbar] 0.58 Soil temperature depth 20 cm [°C] 0.46
Humidity id [%] 0.54 Soil temperature depth 50 cm [°C] 0.42
Vapor id [mbar] 0.52 Solar irradiance 0.32
Solar irradiance [Wm ] 0.48 Temperature id [°C] 0.30
Temperature od — temperature id [°C] 0.46 Soil temperature depth 10 cm [°C] 0.24
Temperature [°C] 0.44 Temperature od [°C] 0.21
Soil temperature depth 10 cm [°C] 0.43 Humidity od [%] 0.20
Soil temperature depth 20 cm [°C] 0.42 Humidity id [%] 0.19
Humidity [%] 0.38 Air pressure [mbar] 0.17
Temperature height 5 cm [°C] 0.32 Precipitation [Lm ] 0.17
Temperature id [°C] 0.29 Temperature od — temperature id [°C] 0.16
Air pressure od [mbar] 0.23 Air pressure_id [mbar] 0.16
Air pressure id [mbar] 0.21 Humidity od — humidity id [%] 0.14
Soil temperature depth 50 cm [°C] 0.20 Wind speed [ms ] 0.13
Precipitation [Lm™] 0.19 Temperature height 5 cm [°C] 0.12
Humidity od — humidity id [%] 0.15 Vapor id [mbar] 0.06
Vapor od [mbar] 0.08 Vapor od [mbar] 0.03
Wind speed [ms™'] 0.05 Vapor id — vapor od [mbar] 0.02

Table 4. RMS of MVA method's evaluation error and
mutual information; February/July 2014-2016

methods in cosmic and radon measurements. N. B.
Veselinovi¢ and M. R. Savi¢ analyzed and validated
climate data. J. Z. Zivanovi¢ helped with MVA analy-
sis. D. R. Jokovi¢ helped with data analysis and paper

MVA method RMS [Bqm®] | Mutual information
BDT 85.5 1.477
BDTG 92.1 1.614
MLP 101 1.401

sis is the initial version of mapped function of radon
concentration dependence on multitude of meteoro-
logical variables. Simplification of MVA methods can
be made by choosing only the most important input
variables and exclude the other variables.
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CTYINJA CIYYAJA BUHIETOOUIIILE BAPNJABNIHOCTU PAJOHA
Y IIOPOANYHOJ KYRHU Y CPBUIU

[Nonamame pajjoHa y 3aTBOPEHOM MPOCTOPY MMa CIIOXKEHY AUHAMUKY 300T yTHIIaja BEIUKOT
Opoja pa3IMIUTHX MapaMeTapa Koju YTUIy Ha H-erOBY BapHjaOITHOCT: METEOPOJIOMIKAX (TeMIepaTypa,
OPUTHCAK W PEJIATUBHA BJIAXKHOCT), KOHIICHTpAIHje aepocoia, Op3uHe pa3MeHe m3Meby yHyTpammer u
CHoJbAllIlkET Baszfyxa, TpabeBUHCKUX MaTepujana W KUBOTHMX HaBuKa. Kao pesynrar, KOHIEHTpanuja
pajoHa y 3aTBOPEHUM IPOCTOpHjaMa OKa3yje Bapujanujy, y3 CTaHgapAHy NePUOAMIHOCT Off jeJHOT flaHa 1
jemne ropuae. ['ogunima BapujabIITHOCT je moOpO MO3HATA Ce30HCKA Bapujannja KOHIEHTpalje pajloHa.
IToce6OHO je MHTEepeCaHTHO MPATUTU BUIIETOAMII-E Bapujalidje KOHIEHTpalyje pajjoHa Ha UCTOj MEPHO]
JIOKALUju ¥ BPEMEHCKOM NEPHOfY, Ipe cBera 300T MpoleHe MHANBUAYATHUX TOJUIILUX H03a Off U3JI0-
>)KEHOCTHU pajloHy. ¥ TUNUYHO] NopopuyHoj Kyhu y CpOuju u3BplleHa cy AyroTpajHa Mepewa pajoHa y
mHEBHOM O0paBKy. Mepema cy pabena Tokom 2014,2015, 1 2016. rogune, y pebpyapy u jyiy, cBake TOIHE.
Kopumthere cy cnenehe MepHe TexHUKe: aKTHBHA U MeTOja Kopulithemha yribeHUX KanucTepa. [ooujenn
pe3ynTaTH aHATU3UPAHU Cy KOpHITheheM MYJITUBAapHjaHTHE PErPECHOHE aHAIN3E.

Kmwyune peuu: sapujabusrociti paoora, MyAiUSAPUJAHITIHA PeZPeCUOHA AHAAU3A, PAOOH Y 3AMBOPEHUM
ipociiopujama, UULEZOOULULIbE MePeHbe PAOOHA
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Abstract

Applicability of our present setup for solar modulation studies in a shallow underground laboratory is tested on four prominent
examples of Forbush decrease during solar cycle 24. Forbush decreases are of interest in space weather application and study of
energy-dependent solar modulation, and they have been studied extensively. The characteristics of these events, as recorded by various
neutron monitors and our detectors, were compared, and rigidity spectrum was found. Linear regression was performed to find power
indices that correspond to each event. As expected, a steeper spectrum during more intense extreme solar events with strong X-flares
shows a greater modulation of galactic cosmic rays. Presented comparative analysis illustrates the applicability of our setup for studies
of solar modulation in the energy region exceeding the sensitivity of neutron monitors.

© 2018 COSPAR. Published by Elsevier Ltd. All rights reserved.

Keywords: Forbush decrease; Muon CR station; Median rigidity

1. Introduction

Galactic cosmic rays (GCRs) traverse the heliosphere;
this leads to variation in the cosmic ray (CR) flux due to
solar activity. The influence of solar and heliospheric mod-
ulation is pronounced for primary CR particles with low
rigidity or momentum over unit charge. CRs interact, upon
arrival, with Earth’s atmosphere causing electromagnetic
and hadronic showers. A network of ground-based CR
detectors, neutron monitors (NMs), and muon detectors,
located at various locations around the globe, as well as
airborne balloons and satellites, provide valuable data to
study the effect of these modulations on the integrated
CR flux with time. Energies of the primary particles in
NDMs are sensitive to the state of solar activity and reach
up to 40 GeV. Muon detectors have a significant response
from 10 GeV up to several hundred GeV for surface, and
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one order of magnitude greater for underground detectors,
depending on the depth (Duldig, 2000). This energy inter-
val allows muon detectors to monitor not only modulation
effects on lower-energy CRs but also galactic effects on pri-
mary CRs with high energies where solar modulation is
negligible. Because of the sensitivity to different energies
of the primary particle flux, observations of muon detec-
tors complement those of NMs in studies of long-term
CR variations, CR anisotropy, and gradients or rigidity
spectrum of Forbush decreases (FDs).

FDs (Forbush, 1954) represent decreases of the
observed GCR intensity under the influence of coronal
mass ejections (CMEs) and interplanetary counterparts of
coronal mass ejections (ICMEs) and/or high-speed streams
of solar wind (HSS) from the coronal holes (Belov, 2008).
FDs belong to two types depending on the drivers: non-
recurrent and recurrent decreases. This work addresses sev-
eral non-recurrent FDs.

These sporadic FDs are caused by ICMEs. As the mat-
ter with its magnetic field moves through the solar system,
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it suppresses the CR intensity. FDs of this kind have an
asymmetric profile, and the intensity of GCRs has a sudden
onset and recovers gradually. Sometimes an early phase of
FD prior to the dip (precursor of FD) shows an increase in
CR intensity. These precursors of FDs are caused by GCR
acceleration at the front of the advancing disturbance on
the outer boundary of the ICME, as the primary CR par-
ticles are being reflected from the approaching shock
(Papailiou et al., 2013). The FD profile depends on the
area, velocity, and intensity of CME magnetic field pro-
duced in extreme events that originate at the Sun
(Chauhan et al., 2008).

Data from observed modulation of GCR intensity con-
tain information regarding the transport of GCRs through
the interplanetary environment. GCR transport parame-
ters are connected with the interplanetary magnetic field
(IMF) in the heliosphere. It is empirically established that
the radial diffusion coefficient is proportional to the rigidity
of CR (Ahluwalia, 2005). In this article, we present an
analysis of the amplitude of FD during four events, which
were recorded by plastic scintillator muon detectors,
located at the Belgrade muon station, as well as by a net-
work of NMs.

2. Belgrade CR station

The Low-Background Laboratory for Nuclear Physics
(LBLNP) is a part of the Institute of Physics, University
of Belgrade. It is composed of two separate laboratory
facilities, ground-level laboratory (GLL) and underground
laboratory (UL), dug into a cliff. The overburden of the
UL is approximately 12 m of loess soil, which is equivalent
to 25 m of water (m.w.e). Laboratory is dedicated to mea-
surements of low radiation activities and studies of muon
and electromagnetic components of CRs at ground and
shallow underground levels. The geographic position of
the laboratory is at 75 m a.s.l., at 44°51’N latitude and
20°23'E longitude; geomagnetic vertical rigidity cutoff is
5.3 GV at the surface. The equipment was upgraded in
2008, and now, it consists of two identical sets of detectors
and accompanying data processing electronics: one is situ-
ated in GLL and the other in UL. Detectors are a pair of
plastic scintillator detectors, with dimensions of
100 cm x 100 cm x 5 cm and four PMTs that are directly
coupled to the corners. Signals from two opposite PMTs
on a single detector are summed, and the coincidence of
the two diagonals is found. Fig. 1 presents the coincident
sum spectra of two diagonals of large scintillator detectors.

Summing over diagonals suppresses the acquisition of
electromagnetic component of the secondary CR shower
and collects mainly the muon component of secondary
CRs. A well-defined peak in the energy spectra corresponds
to a muon energy loss of ~11 MeV. The average muon flux
measured in the laboratory is 137(6) muons/m?”s for GLL
and 45(2) muons/m’s for UL. For more detailed descrip-
tion, see Dragic¢ et al. (2011). Integral of this distribution,
without low energy part, is used to form time series of this
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Fig. 1. The coincident spectra of two diagonals of large plastic detectors
in UL and GLL normalized for comparison.

CR muons spectrum integrated over different time inter-
vals. This time series is then corrected for efficiency, atmo-
spheric pressure, and temperature (Savic et al., 2015).

The CR flux measured at the ground level varies because
of changes in atmospheric conditions. Effects of the atmo-
spheric pressure can be easily accounted for, similar like for
NMs, but the temperature effect is somewhat more difficult
to treat. The difficulties arise from the interplay of positive
and negative temperature effects. With temperature
increase, the atmospheric density decreases; hence, less
pions interact and more muons are created from decay.
The result is a positive effect of more muons at the ground
level. On the other hand, the altitude of muon production
level is high due to the expansion of the atmosphere when
the temperature is high, muon path length is long, and
decay probability of muons is high before they reach the
ground level. Negative effect is dominant for low-energy
muons (mostly detected in GLL) and positive for high-
energy muons. A proper treatment of the temperature
effect requires knowledge of the entire temperature profile
of the atmosphere. This meteorological variation must be
corrected to study CR variations originating outside the
atmosphere.

For ground (and underground)-based CR detectors, the
response function, i.e., the relation between particles of
GCR spectra at the top of the atmosphere and recorded
secondary particles at the surface level, should be accu-
rately known. The total detector count rate can be
expressed as follows (Caballero-Lopez and Moraal, 2012):

N =Y / " (SRR (R, 0))dR

- /w (R, h, 1)dR (1)

where N(Ry,h,t) is the detector counting rate, Ry is the
geomagnetic cutoff rigidity, 4 is the atmospheric depth,
and ¢ represents time. S;(R, &) represents the detector yield
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function for primary particles of type i and j;(R,¢) repre-
sents the primary particle rigidity spectrum of type 7 at time
t. The total response function W(R, h,t) is the sum of
Si(R,h) and j,(R,¢). The maximum value of this function
is in the range of 4-7 GV at sea level, depending on the
solar modulation epoch at time t (Clem and Dorman,
2000). One of the methods to find this response function
is to use the numerical simulation of propagation of CRs
through the atmosphere. CORSIKA simulation package
(Heck et al., 1998) was to simulate CR transport through
the atmosphere and GEANT4 (Agostinelli et al., 2003) to
simulate the propagation of secondary CRs through over-
burden and response of the detectors to find the relation-
ship between the count rate at our site and the flux of
primary particles on top of the atmosphere.

The excellent agreement of the simulated and measured
flux (Fig. 2) allows us to establish that the cutoff energy for
primary CR protons for showers detected in GLL is caused
by its geomagnetic rigidity, and the median energy is
~60 GeV. For UL, the cutoff energy due to earth overbur-
den is 12 GeV, and the median energy is ~120 GeV. These
values give us opportunity to study solar modulation at
energies exceeding energies detected with a NM. Observa-
tion of the solar activity and related magnetic disturbances
in the heliosphere that create transient CR intensity varia-
tion at several different energies can provide an energy-
dependent description of these phenomena.

3. Data analysis

The new setup in the LBLNP, presented by Dragic et al.
(2011) coincides with the start of the 24th solar cycle, thus
allowing us to observe the increase and decrease in solar
activity and the effect of solar modulation at energies
higher than ones studied using NMs.
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Fig. 2. Simulated (blue line) and measured spectra (black line) for muon
detectors in UL. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Muon time series was searched for days where the aver-
age muon flux was significantly lower than the background
level. The background level is determined from the moving
averages of hourly count rates 10 days before the event.
These decreases in the count rate, in GLL and UL, are then
compared with space weather events of solar cycle 24. Data
collected in UG and GLL are compared with four NM sta-
tions from the neutron monitor database [http://www.
nmdb.eu/]. Three of these NMs (Athens, Rome, and
Jungfraujoch) have cutoff rigidity and geographic proxim-
ity similar to the Belgrade CR station.

A high correlation is found between the count rates
measured by the NMs in the LBLNP in March 2012
(Table 1), but for GLL and UL, as the cutoff energy of
the primary flux increases, the correlation slightly
decreases.

3.1. Selected Forbush decreases

The Belgrade CR station has detected, both in GLL and
UL, several significant structures connected to some
extreme solar effects. Several, more prominent, Forbush
decreases occurred in March 2012, September 2014, June
2015, and most recently in September 2017.

The FD that occurred on March 8, 2012 was recorded at
the Belgrade CR station as well as at other stations (Fig. 3).
This FD was separated into two following two CMEs.
These CMEs produced an intense disturbance in the inter-
planetary space and caused a severe geomagnetic storm
when the shockwave reached Earth on March 8, 2012.
During this event, a very complex combination of modula-
tion occurs (Lingri et al., 2016). Two CMEs from the same
active region as the September 10 (X1.6) flare produced FD
on September 12, 2014. There was a relatively fast partial
halo CME and a larger and rapidly moving halo CME
trailing behind the first one on September 10. These two
gave rise to the FD that was first detected by NMs on
September 12, 2014. This FD was not a classical two-step
FD as expected, probably due to the interaction of slower
and faster CMEs. The FD profile (Fig. 3) showed a small
second step several hours after the first, similar to the FD
that occurred in February 2011 (Papaioannou et al.,
2013). In June 2015, a large activity occurred in the Sun
from powerful AR 2371 that produced several CMEs from
the Sun. These CMEs induced a complex modulation of
GCRs that led to an FD occurrence on June 22, 2015 with
an unusual structure (Samara et al., 2018).

A sudden burst of activity from the Sun early in Septem-
ber 2017, after a prolonged period of low solar activity,
produced several flares, including the largest solar flare
seen from Earth since 2006, an X9.3 flare. This activity pro-
duced several Earth-directed CMEs. Throughout this time,
Earth experienced a series of geomagnetic storms, which
started promptly after the first CME. This unusual activity
produced an FD, which was recorded with detectors in
terms of ground level enhancement (GLE) on Earth and
Mars (Guo et al., 2018).
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Table 1

Correlation matrix of the linear correlation coefficient (in%) for recorded hourly flux at the Belgrade CR
station with its temperature- and pressure-corrected underground and ground-level detectors (UL _tpc and
GLL _tpc), only pressure-corrected detectors (UL_pc, GLL_pc), and raw data detectors (UL_raw and
GLL_raw) and recordings at Rome, Oulu, Jungfraujoch (Jung.) and Athens NMs for March 2012.

400
time (hours)

600

UL_tpc 8 80 8 86 9 100
UL_pc 8 8 8 84 100 9
UL_raw 94 49 100 84 86
GLL_tpc 86 86 84 8 9 90 100
GLL_pc 90 9 90 89 6 100 90 49
GLL_raw 6 8 100 6 9 94
Oulu 90 98 98 100 8 89 8 8 8
Jung. 9 98 100 98 9 84 8 80
Rome 9 100 98 98 9 86 8 8
Athens 100 9 9 90 6 90 86
Athens | Rome | Jung. | Oulu | GLL_raw | GLL_pc | GLL tpc | UL_raw | UL _pc | UL_tpc
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Fig. 3. Comparison of hourly time series over a one month period for pressure- and temperature-corrected count rates of the Belgrade muon monitor
station (GLL. and UL,) and NMs at Athens (ATHN), Rome (ROME), Jungfraujoch (JUNG), and Oulu (OULU) for extreme solar events in March

2012, September 2014, and June 2015. Count rates are shifted for comparison. For extreme solar event in September 2017, for GLL and UL, the count rate
is pressure-corrected only.

4. FD and median rigidity expected to follow the power law: AN/N ~ R~ (Cane,

2000). To obtain reliable values of amplitudes, we defined
amplitude as a relative decrease in the hourly count rate
of the minimum compared with the average of seven days’

For each event, we study the energy dependence of FD
amplitude. The energy dependence of FD amplitude is
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Table 2
Median and cutoff rigidity for several stations.

Stations Median rigidity R, (GV) Min. rigidity Ry (GV)
Athens 25.1 8.53
Mexico 25.1 8.28
Almaty 15.8 6.69
Lomnicky stit 12.6 3.84
Moscow 15.8 243
Kiel 15.8 2.36
Yakutsk 12.6 1.65
Apatity 12.6 0.65
Inuvik 12.6 0.3
Mc Murdo 12.6 0.3
Thule 12.6 0,3
South Pole 10 0.1
UL 122 12.3
GLL 63 5.3

count rate before FDs (not including possible precursory
increases). Such a long base period was used because of
the higher activity of the Sun prior to registrated FDs
and sensitivity of the muon detectors.

Amplitudes are determined for two of our detectors and
for 12 NMs. To investigate the rigidity spectrum of

m  stations ( 12+2 stations)
linear fit NM
0 linear fit NM+Belgrade
- March12
=
ol
S
<
A
' 10 100
Median rididity (GV)
10 m stations (12+2 stations)
linear fit NM
linear fit NM+Belgrade

June15
9
o
£
<

L}

10 100

medianR (GV)

AMPL (%)

1487

Table 3

Power indices of the median rigidity dependence of the dip of the FD.
Power indices are obtained for NMs only, NMs and the Belgrade muon
station, and Belgrade station only.

% NM only NM -+ Belgrade Belgrade station only
March 2012 0.82+0.08  0.78 +0.03 0.715
Sept. 2014 0.79£0.16  0.67+0.06 0.744
June 2015 0.57£0.05  0.58 +0.02 0.764
Sept. 2017 1.27+£0.16  0.86 £0.07 0.739

mentioned FDs, the median rigidity R, is defined. R, is
the rigidity of the response of the detector to GCR
spectrum where 50% of the detector counting rate lies
below R, (Ahluwalia and Fikani, 2007). For this study,
we used a list of R, for 12 NM stations given by
Minamino et al. (2014). For an NM, the median rigidity
can be computed from the detector response function
derived from surveys for particulate station, usually
around the minima of solar activity; this is because the
intensity of lowest rigidity GCRs is maximum at that time.

For the Belgrade muon station, R,,, was found using the
response function acquired by the Monte Carlo method of

Z - m  stations ( 12+2 stations)
7 i linear fit NM
o linear fit NM+Belgrade
5 . Sep14
4
3
2
1
: 10 100
Median rigidity (GV)
m  stations ( 9+2 stations)
linear fit NM
] linear fit NM+Belgrade
10 Sep17

100
medianR (GV)

Fig. 4. Rigidity spectrum of FD from March 8, 2012, September 12, 2014, June 22, 2015, and September 8, 2017. Points represent the amplitude of the

event as seen by NMs and the Belgrade CR station.
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CR transport. Approximate values of R, for the detectors
used in this study are provided in Table 2.

For every selected event, a scatter plot is drawn (Fig. 4).
All plots show, plotted in log-log scale, a clear median
rigidity dependence of the amplitude of FD decrease.

Linear regression was performed to find power indices
corresponding to each event. Power indices are given in
Table 3.

Higher power indices can be due to more complex vari-
ations in GCRs. This more complex variation is a result of
a series of CMEs during this event that leads to large com-
pound ICME structure with multiple shocks and transient
flow (Zhao and Zhang, 2016). Results obtained from the
power law are generally consistent with those obtained in
previous studies (Ahluwalia and Fikani, 2007, Lingri
et al., 2016, Klyueva et al., 2017) conducted for NMs only.

A more significant difference observed for indices during
the 2017 event was because we used only pressure-corrected
data for the muon flux recorded at the Belgrade station.
For all other events and data, we performed both pressure
and temperature correction. Without temperature correc-
tions, variation in the count rate in muon detectors is
higher and it can affect the results.

We expect that when the newly improved, internally
developed technique for temperature correction of the
CR flux is implemented, the amplitude of the FD measured
at the Belgrade muon station will be more consistent with
other events and measurements. More data points on the
graphs are needed to understand indices better, particularly
in an energy region between NM and our laboratory. Sim-
ilar work (Braun et al., 2009) discussed the extension up to
15 and 33 GeV, but there are no data available for FDs
during cycle 24 and cannot be incorporated into this work.
As for other operating muon telescopes, there is an agree-
ment between the data obtained at our stations data and
the URAGAN data for FD in June 2015 (Barbashina
et al., 2016), but we have no data on other FDs and/or
median energies of other stations. Our new experimental
setup described elsewhere (Veselinovic et al. 2017) will pro-
vide two additional median energies (121 and 157 GeV) to
monitor variations in the CR flux.

5. Conclusion

The Belgrade CR station, with both ground level and
underground setups, monitors the effect of solar modula-
tion on the CR flux since 2008. Extreme solar events, like
Forbush decreases, were detected during solar cycle 24 at
the site, suggesting that these phenomena can be studied
at energies higher than typical ones detected with NMs.
GLL and UL data, as well as data from several NM sta-
tions, were used to analyze four intense FDs. The magni-
tude of FDs is energy (rigidity) dependent and follows
the power law. Data used to find the rigidity dependence
of these transient solar modulation of GCR were obtained
over much higher range of rigidities than region NMs are

sensitive in, thus allowing more extensive studies of CR
solar modulation processes.
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A new method for atmospheric correction of cosmic ray data is designed. It'’s fully empirical, based on
the principal component analysis. The method requires knowledge of the pressure and the temperature
profile of the atmosphere. It's applicable to all muon detectors. The method is tested on muon data from
two detectors in Belgrade cosmic ray station, one located on the ground level and the other at the depth
of 25 mwe. Correction reduces variance by 64.5% in ground level detector data and 38.1% in underground
data. At the same time, the amplitude of the annual variation is reduced by 86.0% at ground level and
54.9% underground. With the same data sets the presented method performs better than the integral
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1. Introduction

Count rates of ground based or underground cosmic-ray (CR)
muon detectors are affected by atmospheric parameters (air pres-
sure and temperature at different heights). The proper description
of atmospheric effects is necessary for understanding primary CR
variations, originating outside of the atmosphere.

Early studies in CR temporal variations [1,2] revealed the exis-
tence of a variation caused by the change of air pressure, the so
called "barometric effect”. With the increase in pressure the atmo-
sphere represents thicker absorber, resulting in reduced number of
muons reaching the ground level. Therefore, muon flux is expected
to be anti-correlated with atmospheric pressure.

Observed negative correlation between muon flux and atmo-
spheric temperature, the so called “negative temperature effect”,
has been explained by Blackett [3] to be a consequence of muon
decay. During warm periods the atmosphere is expanded and the
main layer of muon production (~100 mb) is higher, resulting in
longer muon path and lower surviving probability to the ground
level. Low energy muons are more affected, while the flux of high
energy muons, capable of penetrating great depth, does not suffer.
At deep underground experiments another type of temperature ef-
fect, “positive temperature effect” is pronounced [4]. Development
of nuclear emulsions capable of detecting energetic charged par-
ticles lead to discovery of charged pions in CRs and 7w — . decay
[5-7]. The positive temperature effect is interpreted as a conse-
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quence of latter process [8,9]. Pions created in the interactions of
primary CR particles with the atmospheric nuclei can decay into
muons or interact with air nuclei. Higher temperature in the pro-
duction layer means lower air density and consequently, lower in-
teraction probability and higher muon production.

In most cases linear regression is sufficient to account for the
barometric effect. The temperature effects are treated by empirical
and theoretical methods. In addition to the barometric coefficient
B, the method of effective level of generation [8] introduces two
empirical parameters: oy to encounter for muon intensity varia-
tions 81, correlated with the change of the height of generation
level SH (negative effect) and o for the changes of the tempera-
ture of this level (positive temperature effect).

SIM = ,B(Sp—i-aHSH +ardT (1)

Duperier method has been successfully used in many studies for
the atmospheric corrections of muon data ([10-15] etc.).

It's been argued [16,17] that for correct temperature correction
of muon detectors count rate the vertical temperature profile of
the entire atmosphere needs to be known. In the so called integral
method the muon intensity variations caused by the temperature
are described by the equation:

8, Mo

— = Wr (h)éT (h)dh (2)
I 0

where §T(h) is the variation of temperature at isobaric level h with
respect to the referent value and Wr(h) is the temperature coeffi-
cient density. The coefficients are calculated theoretically and the
best known calculations are given in references [18,19].
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The mass-average temperature method [20] is a variant of the
integral method, based on the assumption of small changes of the
temperature coefficient density Wr(h) with the atmospheric depth
h allowing its average value Wy to be put in front of the integral
in the Eq. (2) and on determination of the mass-averaged temper-
ature Tp:

8l — ho _
T: - WT(h)/O ST(h)dh = Wi (h) - 8Ty, (3)

The method was used in numerous studies ([21-23] to name a
few).

Another form of the integral method is the effective tempera-
ture method [24]. By introducing the temperature coefficient oy:

ho
o = /O Wi (h)dh
the Eq. (2) can be normalized as:
Sl 0" Wy ()T (hydh
i 3o Wy (h)dh

where the effective temperature T is defined as:

ho
/0 Wy (h)dh - ar - 8Ty (4)

Mo Wi (h)T (h)dh
Jdo Wy (h)dh

The latter method is popular with the underground muon tele-
scopes [25,26].

Different methods of atmospheric correction might be com-
pared on the basis of several criteria. One is requirement of the
lowest variance of corrected data. Since the most prominent tem-
perature effect on CR time series is seasonal variation, another cri-
terion is the smallest residual amplitude of seasonal variation after
correction is applied. The latter does not take into account possible
genuine seasonal variation of non-atmospheric origin.

Early studies comparing Dupierier’s empirical and Dorman’s
theoretical methods ([27] and references therein) found similar ac-
curacy of two methods, with essentially the same corrections at
sea level, but with the integral method overestimating the temper-
ature effect.

A more recent study [28] compared different methods of at-
mospheric correction for data from Nagoya and Tibet supertele-
scopes, as well as Yakutsk, Moscow and Novosibirsk telescopes.
They found the mass-averaged temperature method to practically
coincide with the integral method. On the other hand, the effective
level of generation method for Nagoya shows discrepancy from the
integral method in winter time, being able to eliminate only 50%
of the temperature effect. Even with the integral method in the
case of Tibet muon telescope the removal of temperature effect
is achieved with the density of temperature coefficients 3 times
higher than calculated ones. The precise origin of disagreement is
unknown.

The method of the effective level of generation takes care of
key physical causes of the temperature effect. However, it does not
make optimal use of the temperature data. Also, the assumption of
a single level of main muon production is a simplification. Detailed
CORSIKA simulation of the shower development in the atmosphere
reveals the actual distribution of the muon generation heights (see
Fig. 1).

Different implementations of the integral method exist, employ-
ing different approximations, choice of parameters, models of the
atmosphere, whether kaon contribution is taken into account, lead-
ing to differences in calculated density temperature coefficients
(see for instance discussion in [29]). As already mentioned, on the
case of Tibet telescope [28] theoretical calculations do not fully
correspond to the local experimental conditions and the origin of
disagreement is difficult to trace.

eff =

The effective temperature method lacks universality, since it
works best with the data from deep underground detectors.

Here we propose a new method for atmospheric corrections.
It's fully empirical, makes use of the available temperature data
through entire atmosphere and it’s applicable to arbitrary detector
irrespective to energy sensitivity and is simple to implement. The
method is based on the principal component analysis, thus reduc-
ing dimensionality of the problem, exploiting correlations between
atmospheric variables and ensuring mutual independence of cor-
rection parameters. The price is loss of clear physical interpreta-
tion of these parameters, since the pressure and the temperature
at different levels are treated on equal footing.

2. Method description
2.1. Meteorological data

Set of variables that enter principal component decomposition
consists of atmospheric temperature profile for the given location
as well as locally measured atmospheric pressure. Meteorological
balloon soundings for Belgrade are not done frequently enough to
be used for suggested analysis. As a consequence, modeled tem-
peratures were used instead. However, there were enough balloon
sounding data for testing consistency of the modeled temperatures.

There are several weather and global climate numerical models
available today. Here, Global Forecast System [30]| data was used.
GFS is a weather forecast model, developed by National Centers
for Environmental Prediction [31], which is able to predict large
number of atmospheric and land-soil parameters. Apart from fore-
cast data, GFS also provides retrospective data produced taking into
account most recent measurements by a world wide array of me-
teorological stations. Retrospective data are produced four times a
day at 00:00, 06:00, 12:00 and 18:00 UTC. Data with finer tempo-
ral resolution are obtained by cubic spline interpolation. Temper-
atures for the following 25 isobaric levels (in mb) were used for
initial analysis: 10, 20, 30, 50, 70, 100, 150, 200, 250, 300, 350,
400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 925, 975,
1000. Horizontal spatial resolution for modeled data is 0.5 degrees,
so coordinates closest to the experiment location (latitude 44.86,
longitude 20.39), were selected with this precision. Before any fur-
ther analysis was done, GFS modeled temperature profiles were
compared to local meteorological balloon soundings for Belgrade,
where balloon data was available. Fig. 2 shows profile of differ-
ences between modeled and measured values for different isobaric
levels. Disagreement was found between measured and modeled
temperature at the lowest level. As a result, it was decided not to
use temperature data for isobaric level of 1000 mb in further anal-
ysis. Ground temperature data measured by local meteorological
stations was used for lowest layer instead. Similar problem with
the GFS data was reported before by [28] who found 5° C devia-
tion in the summer time near ground level at Yakutsk location.

Atmospheric pressure and ground level temperature from the
Republic Hydro-meteorological Service of Serbia was used to com-
pose unique local pressure and temperature time series.

2.2. Cosmic-ray data

The analysis is performed on data from Belgrade muon detec-
tors. The Belgrade cosmic-ray station, together with the present
detector arrangement is described in details elsewhere [32]. Two
muon detectors are located in the laboratory, one at the ground
level and the other at the depth of 25 mwe. Data are recorded on
the event-by event basis and can be integrated into the time se-
ries with the arbitrary time resolution. For most purposes hourly
data are used. Muon detectors are sensitive to primary cosmic rays
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Fig. 1. Distribution of muon generation at different heights in the atmosphere, according to CORSIKA simulation.

T difference profile

meas” ! model

AT [K]
|IIII|IIII|IIII|IIII|IIIITIIII|IIII|IIII|IIII|IIII|II

|
0 100 200 300 400 500 600 700 800 900 1000
pressure [mb]

1

Fig. 2. Distribution of differences between measured temperatures and modeled by GFS.

of 59 GeV median energy in the case of ground level detector and data. It transforms the original set of variables into a set of
137 GeV for underground detector. uncorrelated variables (called principal components (PC)). The
principal components are ordered according to decreasing vari-
ance. In our case, there are 26 input variables: 24 modeled
temperatures (isobaric level 1000 mb temperature excluded), lo-
cally measured ground level temperature and local atmospheric
pressure. Initial variables were centered and normalized before

2.3. Principal component decomposition

Principal component analysis is a convenient and widely used
data reduction method when dealing with strongly correlated
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Fig. 3. Composition of nine principal components with largest variance (in decreasing order). Input variables are displayed on X-axis: 1 being pressure, 2 temperature of
10 mb isobaric level, 26 being local ground level temperature. Y-axis represents rotations.

decomposition. After decomposition, a new set of 26 principal
components was obtained. Decomposition should not be regarded
as universal, but it should be redone for every location and period
under study.

One year was selected as a suitable time period for the
analysis, in order to reduce possible seasonal bias, due to at-
mospheric temperature annual variation. Additional criteria were
quality and consistency of muon data. Taking this into account, fi-
nal time interval selected for analysis was from 01.06.2010 to 31.05.
2011.

Fig. 3 shows composition plots for the first nine principal com-
ponents, that account for 98% of total variance. X-axis represents
input atmospheric variables, first being atmospheric pressure, fol-
lowed by 10 mb layer temperature, last being ground level lo-
cal temperature. Y-axis represents decomposition rotations for a
given principal component. Interesting features observed on these
plots are that first two principal components depend almost ex-
clusively on temperature. The first one is mostly combination of
temperatures in the troposphere (isobaric levels 250-1000 mb)
with almost equal weights. The second eigenvector accounts for
significant variance of temperatures in higher atmospheric lev-
els (10-250 mb), with the strongest contribution centered in the
tropopause. Components 3 to 6 have mixed p-T composition. The
correlation of atmospheric pressure and temperature at different
heights is not surprising. The diurnal and semi-diurnal oscillations
of pressure are attributed to the warming of the upper atmosphere
by the Sun [33]. This correlation makes it impossible to define a
single barometric parameter in PCA based method of atmospheric
corrections. It's worth mentioning that Dorman [34] recognizes
three different barometric effects: absorption, decay and genera-

tion effect. It also indicates that empirical methods with separated
pressure and temperature corrections might lead to overcorrection.

The values of the eigenvectors for these first nine components
are also given in Table 1.

Fig. 4 shows plot of proportion of variance as well as plot of cu-
mulative variance for obtained principal components. Correspond-
ing numerical values are given in Table 2.

Usually, only a first few principal components (containing high
fraction of total variance) are of practical interest. There are vari-
ous different methods and rules for choosing how many PCs to re-
tain in the analysis, none completely free of subjectivity (see for
example a thorough discussion in [35]). A rule based on cumu-
lative percentage of total variation usually recommends to retain
PCs responsible for 70-90% of total variation. When one or two
components are dominant, higher value (95%) is appropriate. In
our case it would mean keeping first 6 PCs. According to Kaisser’s
rule only PCs with the eigenvalue A >1 should be retained. Jol-
liffe [35] suggested 0.7 as correct level, exceeded by six of our PCs.
Another rule proposes to retain components with the eigenvalue
above mean, a condition satisfied by first seven of our PCs. Another
popular model is broken stick, but in application to our problem is
too restrictive, leading to only two relevant PCs. The scree graph
or log-eigenvalue diagram don’t provide clean cut with our set of
PCs.

To test the meaningfulness of potentially relevant PCs, the
time series from PC data are constructed and tested whether
they are distinguishable from white noise. The procedure is often
done when principal component analysis is applied to atmospheric
physics problems [36]. The time series with hourly resolution for
the first three PCs are plotted on Fig. 5.
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Table 1
Definition of first nine principal components.

Variables  Principal components

PC1 PC2 PC3 PC4 PC5 PC6 PC7 PC8 PC9
p 0.07699 0.04117 0.44694 —0.61285 0.16301 —-0.57121 0.14028 —0.08106 0.03443
T(10) —0.0947 —0.11603 0.43488 0.5344 0.43741 —0.11036 —0.04499 —0.15825 0.46469
T(20) —0.16947 —0.21766 0.35754 0.18029 0.20527 0.08546 —-0.07719 0.20635 —0.40309
T(30) —0.16476 —0.27825 0.29593 —0.02505 —0.02204  0.14134 0.00634 0.28574 —0.47812
T(50) —0.09124 —0.37682  0.20969 —0.17322 —0.25798  0.12084 0.19349 0.14645 0.18493
T(70) —0.01483 —0.42304  0.04507 —0.08651 —0.3472 0.09965 0.18155 0.01024 0.31886
T(100) 0.02192 -0.43132 —0.02451 0.08228 —0.25692 —0.04937 —0.06464 —0.3103 0.1183
T(150) 0.01487 —0.40127 —0.24673 0.03037 0.012 —0.32566 —0.43658 —0.28393 —0.23316
T(200) —0.04737 —0.33404 —0.38636 —0.13563 0.40141 —0.2069 —0.16852 0.31181 0.07995
T(250) —0.16218 —0.17984 —0.29739 —0.18123 0.43708 0.18013 0.32866 0.13662 0.17389
T(300) —0.22473 —0.03266 —0.07561 —0.14073 0.21179 0.26504 0.23807 —0.27931 —0.06785
T(350) —0.2369 0.01439 0.00488 —0.12991 0.0998 0.1988 0.05306 —0.31612 —0.0771
T(400) —0.23956  0.03362 0.02958 —0.12159 0.04075 0.14932 —0.06959 —0.27189 —0.04852
T(450) —0.24028 0.04271 0.0402 —0.11503 0.00384 0.10744 —0.14772 —0.21165 —0.01823
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Variance (individual and cumulative) for all 26 PCs.

Principal component  Eigenvalue Percentage of variance ~ Cumulative variance (
1 4.0091 0.618186 0.618186
2 2.08613 0.167383 0.785569
3 1.23367 0.0585361 0.844105
4 1.05205 0.0425699 0.886675
5 0.951245 0.0348026 0.921478
6 0.766726 0.0226103 0.944088
7 0.615122 0.0145529 0.958641
8 0.519837 0.0103935 0.969034
9 0.460327 0.00815004 0.977184
10 0.382006 0.00561263 0.982797
1 0.32832 0.00414592 0.986943
12 0.294489 0.00333553 0.990278
13 0.247876 0.00236317 0.992642
14 0.239462 0.00220546 0.994847
15 0.206157 0.00163465 0.996482
16 0.184453 0.00130857 0.99779
17 0.144657 8.04834E—-4 0.998595
18 0.119676 5.5086E—4 0.999146
19 0.0938189 3.38538E—4 0.999485
20 0.0739496 2.10328E-4 0.999695
21 0.0586253 1.32189E-4 0.999827
22 0.0414996 6.62391E-5 0.999893
23 0.0338811 4.41511E-5 0.999937
24 0.0281359 3.04472E-5 0.999968
25 0.0219102 1.84637E-5 0.999986
26 0.0188263 1.36319E-5 1
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Fig. 6. Autocorrelation function of the first 3 PCs. Time lag is given in hours. In the case of PC2, 95% significance level is indicated by dashed red line. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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The subsequent temperature and pressure measurements are
highly correlated, as evident from autocorrelation function plot for
selected PCs (Fig. 6).

The spectral analysis of the PC time series reveals, for PCs with
the strong pressure component, semi-diurnal periodicity in addi-
tion to diurnal (Fig. 7).

Since our purpose is the regression of muon data with princi-
pal components, selecting the components with significantly high
variance is not the main issue. It is more important to identify PCs
with high correlation with CR data. Components with relatively
low variance, can have high predictive power.

2.4. Correlation of principal components with CR muon count rate
and correction of muon data

Scatter plot of muon count rate vs. PCs, together with the
linear fit for the first nine principal components are shown on
Fig. 8 (GLL) and Fig. 9 (UL). In the analysis hourly summed muon
counts and principal component values for the respective hour
were used. To minimize the effect of geomagnetic disturbances,
only data for International Quiet Days were taken into account. The
International Quiet Days are the days with minimum geomagnetic
activity for each month. The selection of quiet days is deduced
from K, index. In our analysis 5 quietest days for each month
are considered. The values of correlation coefficients are listed in
Table 3.

Principal components PC1, PC3, PC4, PC5 and PC6 have been
identified as ones with significant contribution to the muon flux
variation. Interestingly enough, the PC2, responsible for 16.7% vari-
ance of the meteorological data has very little effect on muon flux,
at neither ground nor underground level. Ground level muon flux
variation is more affected by the first principal component, de-
pending chiefly on the temperature in the troposphere. The find-
ing agrees with usual negative temperature effect. The other PCs
are difficult to compare with traditional correction parameters.
Yet, the effect of PC3, that is composed more from upper atmo-
sphere temperatures and hence could be loosely associated with
positive temperature effect, is more pronounced for the under-
ground muon flux. Fourth and fifth principal components with
strong pressure contribution affect more ground level muon flux.
On the other hand, PC6, also the one with high pressure com-
ponent, has more pronounced influence on underground muon
flux.

Gradients obtained from the fits for the significant principal
components 1, 3, 4, 5 and 6 were then used to calculate the PCA
corrected muon count according to the formula:

N =Ny— <Ny > Y kPG, i=1.3,4,56 (5)
i

where Nif"”) corr is the corrected muon count, N, is the raw
muon count, <N, > is the mean count for the whole pe-
riod, k; are the gradients and PC; are the corresponding prin-
cipal components. Resulting corrected muon count time se-
ries are plotted on Figs. 10 (GLL) and 11 (UL) along with
raw and pressure only corrected time series. Pressure cor-
rected time series are produced for reference. Barometric co-
efficient was determined by applying linear regression to the
same data set used for PCA. Data was previously corrected for
temperature effect using integral method, as in Ref. [37]. Pres-
sure corrected and PCA corrected time series are fitted with
sine function with annual period in order to illustrate how
PCA correction affects yearly variation induced by temperature
effect.

PCA based atmospheric corrections remove 64.5% of total vari-
ance in GLL time series and 38.1% in UL time series. Pressure cor-
rected CR time series exhibit annual variation, a consequence of

Table 3

Correlation coefficients between principal components and muon count rate in the ground level laboratory (GLL) and underground laboratory (UL).
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Fig. 10. Raw (upper panel), pressure corrected (middle panel), pressure+temperature corrected with PCA method (3rd panel from the top) and pressure+temperature
corrected with integral method (lower panel) normalized muon count rate for GLL. The sine function with one year period is fitted to the data.

the temperature effect. The performance of the temperature cor-
rection may be tested by comparing the amplitude of the annual
variation before and after correction. With presented method the
amplitude of the annual variation is reduced by 86% (54.9%) in the
case of GLL (UL) with respect to the pressure only corrected time
series.

To further test the new method, the atmospheric correction of
GLL data are performed by the integral method. The correction re-
sulted in 56.25% of variance reduction and 68.1% of reduction of
the amplitude of the annual wave. At least in the case of our CR
data set the new method performs somewhat better than the in-
tegral method.

3. Conclusion

The principal component analysis is successfully used to con-
struct a new empirical method for the atmospheric corrections
of CR muon data. The method is equally applicable to all muon
detectors, irrespective to location: ground level, shallow or deep
underground. It requires knowledge of the atmospheric pressure
and temperatures along the entire atmosphere, which is nowadays
available in databases such as GFS. The method is suitable for the
near real-time correction, with the delay defined by the availabil-
ity of the atmospheric data (one day in the case of present GFS
data). When applied to Belgrade muon data from two detectors
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Fig. 11. Raw (upper panel), pressure corrected (middle panel), pressure+temperature corrected with PCA method (3rd panel from the top) and pressure+temperature cor-
rected with integral method (lower panel) normalized muon count rate for UL. The sine function with one year period is fitted to the data.

(ground level and at 25 mwe), the method requires correction to
five parameters, determined from linear regression. With the same
CR dataset, the present method yields results superior to the in-
tegral method in terms of variance reduction and reduction of the
annual variation. The new method is also suitable for temperature
corrections of the neutron monitor data, which is seldom done in
practice.
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Radon variability due to floor level
in two typical residential buildings
in Serbia

Vladimir Udovicic (9,
Nikola Veselinovic,
Dimitrije Maletic,
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Aleksandar Dragic,
Dejan Jokovic,
Mihailo Savic,

David Knezevic,

Maja Eremic Savkovic

Abstract. It is well known that one of the factors that influence the indoor radon variability is the floor level
of the buildings. Considering the fact that the main source of indoor radon is radon in soil gas, it is expected
that the radon concentration decreases at higher floors. Thus at higher floors the dominant source of radon is
originating from building materials, and in some cases there may be deviations from the generally established
regularity. In such sense, we chose one freestanding single-family house with loft and other 16-floor high-rise
residential building for this study. The indoor radon measurements were performed by two methods: passive
and active. We used passive devices based on track-etched detectors: Radtrak® Radonova. For the short-term
indoor radon measurements, we used two active devices: SN1029 and SN1030 (manufactured by Sun Nuclear
Corporation). The first device was fixed in the living room at the ground level and the second was moved through
the floors of the residential building. Every measuring cycle at the specified floor lasted seven days with the
sampling time of 2 h. The results show two different indoor radon behaviours regarding radon variability due to
floor level. In the single-family house with loft we registered intense difference between radon concentration in
the ground level and loft, while in the high-rise residential building the radon level was almost the same at all
floors, and hence we may conclude that radon originated mainly from building materials.

Keywords: Radon variability ¢ Time series

Introduction

Radon sources in the buildings are primarily from
soil, building materials and water. Considering
the nature of the occurrence and all the sources, the
concentration of radon is higher in the ground-floor
rooms compared with that in the higher floors of the
dwellings in apartments. In the literature one can
find a lot of papers dealing with the influence of vari-
ous factors, including the floor levels, on the radon
concentration and variability. In one group of the
articles, investigation of the indoor radon concentra-
tion distribution due to floor levels of the buildings
is the part of the data analysis which was drawn from
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the national or regional radon surveys [1-6] and oth-
ers are dedicated to these specific studies [7-11]. In
the case of the big buildings with a several number of
floors a deviation from the general regularity can be
observed, since the dominant source of indoor radon
at higher floors is building materials. On the other
hand, the radon variability due to floor level, espe-
cially in big cities with a much higher number of high-
rise buildings and population density compared with
rural environments, may have an impact on the as-
sessments of the effective dose from radon exposure
at the national level. Usually, the indoor radon map
represents the arithmetic mean value of indoor radon
concentration on the ground floor, and thus it is not
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representative of the radon exposure to all citizens
since most people do not live on the ground floor. So,
it is necessary to convert indoor radon map to a dose
map. One of the examples is presented as a plan to
develop models that allow correction from ground-
floor dwellings to the real situation, accounting data
from the national buildings database [12]. In Serbia,
national typology of residential buildings is based on
the results from the monography “National typol-
ogy of residential buildings of Serbia” by a group
of authors from the Faculty of Architecture [13].
There are six types of the residential buildings in
Serbia: two for family housing — freestanding single-
-family house and single-family house in a row and
four types for multifamily housing - freestanding res-
idential building and residential building (lamella)
(apartment block with repeated multiple lamellar
cores and separate entrances), residential building in
arow, and high-rise residential building. Distribution
of buildings by type at the national level shows that
97% of all residential buildings are family housing.
Also, for all defined types of buildings, number of
floors ranges from one to eight above the ground
level. Freestanding family houses are mostly ground
floor (37%) or ground floor with loft in use (26%),
while there is a very low representation of houses that
have more than two floors (5%), with average floor
level of family buildings of 1.4 [13]. In such sense, we
chose one freestanding single-family house with loft
with well-known radon characteristics [14] and one
16-floor high-rise residential building for this study.

Materials and methods

Two housing units were selected, one from the family
housing group and one high-rise residential building
from the collective housing group. The family house
has a characteristic construction style in which the
house has been built for several years with constant
upgrading, which can potentially be a source of radon
entry into such houses. The house has a basement
and is made of standard materials (brick block, con-
crete, plaster). Finally, insulation was made using
5-cm thick styrofoam. Long-term measurements of
radon concentrations have been carried out in this
house by various methods, and several scientific
papers have been published so far [14-16].
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From the group of residential buildings for col-
lective housing, we chose high-rise building in New
Belgrade. It was built in the 1960s as block type.
The soliter has a basement, while on the ground
floor there are outlets and business premises. The
apartments are located in the first floor upward.
The soliter has 16 floors. One of the important pa-
rameters in the selection of building in municipality
New Belgrade is the fact that this municipality is the
most populated in Serbia.

The long-term radon measurements were per-
formed with passive device Radtrak® Radonova
based on CR-39 track detector. The detectors
were exposed for three months from March to June.
In the high-rise building, passive radon detectors
were deployed at some of the floors in one or sev-
eral apartments. Time series of measured radon
concentrations in the studied residential buildings
were obtained using two active devices: SN1029
with the following characteristics declared by the
manufacturer — the measurement ranging from
1 Bg'm~t099.99 kBq-m~, accuracy equal to +25%,
sensitivity of 0.16 counts/h/Bq-m~ and SN1030 with
the following characteristics — the measurement
ranging from 1 Bg-m™ to 99.99 kBq-m, accuracy
equal to +20%, sensitivity of 0.4 counts/h/Bq-m™.
SN1029 device were calibrated at the accredited
metrological Lab (SUJCHBO Kamenna, Czech Re-
public) in 2015 and model SN1030 were calibrated
by the manufacturer in 2017. The both instruments
participated in 2018 NRPI Intercomparisons of
radon gas continuous monitors and also, SN1029
device participated in 2015 NRPI Intercomparisons
of radon gas measurement devices at SURO v.v.i.
Institute, Prague, Czech Republic within the IAEA
Technical Cooperation Projects RER 9153 and RER
9127, with excellent results. These are measuring
devices of simple construction and practical applica-
tion. It is a counter with the addition of a sensor for
measuring meteorological parameters. The operator
can adjust the time sequences from 0.5 h to 24 h. One
measurement cycle can take 1000 h or a total of 720
time sequences (the number of successive measure-
ments, i.e. points in a time series). The devices were
set to operate in a 2-h time sequence. One was fixed
in the downstairs living room and the other was fixed
in repositioning floors in apartment buildings. Each
measurement cycle on a given floor lasted seven days.
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Fig. 1. The time series of the radon concentrations at the first floor vs. basement (a) and 16th floor (b) in the big

residential building.
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Fig. 2. The time series of the radon concentrations at the first floor vs. basement (a) and loft (b) in the single-family house.

Table 1. Results of indoor radon measurements in the
high-rise residential building using passive (Radtrak?
Radonova) and active radon devices

Arithmetic
Average mean
Radon (standard
. radon .
concentration/ . deviation)
Floor . . ' concentration
Passive device radon
level »  per floor level .
(Radtrak?) > concentration
5 (Radtrak?)
[Bgm™] s over
[Bg-m~] -
measuring
cycle [Bqg-m~]
52 +10
69 = 12
Basement 38 + 10 53.5 81(17)
55 =10
<10
1 14+8 14 5(3)
2 17+ 8 17 24(9)
25(10)
218
4 20 + 8 20.5 26(11)
11 +38
5 27 =10 19
22 + 8
6 12+ 8 17
17+ 8
7 23+ 8 23 25(10)
8 22+ 8 22
15+ 8
9 16 + 8 17.7 24(10)
22+ 8
20 = 8
10 15+ 8 17.5
11 16 + 8 16
12 <10 <10
20 = 8
14 17+8 18.5 29(9)
15+ 8
15 16+8 15.5
16 31+8 31 32(12)
Overall mean 24 21.6 30

Results and discussions

Figure 1 shows the illustrative examples that show
radon time series from high-rise building, and
Fig. 2 originates from the observed single-family
house.

The arithmetic mean radon concentrations ob-
tained from long- and short-term measurements are
shown in Tables 1 and 2 for high-rise building and
single-family house with loft, respectively.

In the family house, it is possible to notice
marked variations in radon concentration with
1-day periodicity. Also interesting is the ratio of
radon concentration on the ground floor to the
basement of the house, which is the opposite of
the usual situation in houses with a basement. This
inverse behaviour can be explained by the fact that
the basement does not cover the whole ground floor
but a smaller part of it. The rest of the ground floor
is covered by a concrete slab as a substrate, but
cracks and poor joint with the walls are potential
sources of elevated radon. Also, the differences in
the results between two methods, passive and active
devices, are due to the fact that presented radon
values are measured in different seasons. With high-
-rise residential building, the situation is the op-
posite and it can be considered from the first floor
that the dominant source of radon is the building
material. There may even be a slight increase in the
mean radon concentration on the higher floors. Also,
the results show very low radon level on the first
floor (well below the outdoor values) in the apart-
ment. In such sense, we performed test intercom-
parison radon measurements for two active devices
SN1029 and SN1030 in well-defined and controlled
radon atmosphere (radon concentration below
30 Bg'm™) in the Underground Low-background
Laboratory in the Institute of Physics Belgrade
[17, 18]. Additional testing includes the same place
and time of the measurements but different sampling
time setto 1, 2, 4, 8 and 12 h. The results are shown
in Table 3.

In the above performed measurements, both
devices show significant differences in the low-level
radon range, which may originate from individual
instruments characteristics presented in the “Mate-
rials and methods” section.
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Table 2. Results of indoor radon measurements in the single-family house with loft using passive (Radtrak* Radonova)

and active radon devices

Floor level (Radtrak?) [Bq-m™]

Radon concentration/Passive device

Arithmetic mean (standard deviation) radon
concentration over measuring cycle [Bq-m=]

Basement 160(202)
Ground level 330 = 50 579(194)
Loft 18 + 8 53(21)

Table 3. Test intercomparison indoor radon measurements with active radon devices SN1029 and SN1030

Arithmetic mean (standard deviation) radon concentration over measuring cycle [Bq-m=]

Sampling time [h] 1 2 4 8 12
SN1029 28(12) 28(11) 27(7) 23(6) 32(14)
SN1030 12(6) 14(7) 10(3) 12(5) 14(6)

Conclusions

The results show that the radon behaviour in two dif-
ferent residential buildings is diametrically opposite.
In the single-family house with loft we registered in-
tense difference between radon concentration in the
ground level and loft, while in the high-rise residential
building the radon level was almost the same at all
floors and hence we may conclude that radon origi-
nated mainly from building materials. However, the
results from the high-rise building can be predicted
on the basis of work of a group of authors who have
determined the internal exposure from construction
material used in Serbia which originates from the
exhalation of radon and thoron [19] and the study
presented in this article [10]. We can expect similar
results in any other multistorey buildings in Serbia.
In the future work, we will focus on the additional
radon measurements in the typical residential build-
ings from other types of houses.
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Abstract. Galactic cosmic rays entering heliosphere are modulated by interplanetary magnetic field which
is carried away from the Sun by the solar wind. Cosmic rays are additionally modulated by coronal mass
ejections and shock waves, which can produce Forbush decrease, a transient decrease in the observed
galactic cosmic ray intensity. Measurements of magnetic field and plasma parameters in near-Earth space
detect regularly coronal mass ejections, so it is important to understand the correlation between near-Earth
particles fluxes associated with these coronal mass ejections and Forbush decreases. By combining in situ
measurements of solar energetic particles with ground-based observations by the Belgrade muon detector,
we analysed the dynamics of the variation of galactic cosmic rays. Correlation between variations of the flux
of the cosmic rays and average in situ particle fluxes was investigated during Forbush decreases. Correlation
exhibited dependence on the energy of solar wind particles, but also on cut-off rigidities of cosmic rays
detected on the ground. The goal of cross-correlation analysis is to help in better understanding of how
coronal mass ejections affect space weather as well as the effects they have on primary cosmic ray variations

as detected by ground-based cosmic ray detectors.

1 Introduction

Space weather has been widely used as a term to define
impact of the Sun, heliosphere and geomagnetic field on
our biosphere and our technological systems. Under-
standing space weather is a matter of both scientific
interest and practical importance as its impact could
potentially be hazardous to our civilisation. Cosmic
ray (CR) observations can also be used to study space
weather. Primary (or galactic) CRs are high-energy
nuclei (mainly protons) that originate from outside of
our solar system. Their flux and energy range is cover-
ing several tens of orders of magnitude (flux from 10728
up to 10* (m? sr sec eV /nucleon) ™! and energy range
up to 10%! eV [10]). As charged particles, CRs are sen-
sitive to magnetic field, so often it is more convenient
to use geomagnetic rigidity instead of energy to char-
acterise primary CRs. Geomagnetic rigidity is defined
as R = Bp = pq, where B is the magnetic field, p is the
gyroradius of the particle due to this field, p is the parti-
cle momentum and q is its charge [14]. As they traverse
interplanetary space, galactic CRs interact with helio-
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spheric magnetic field. The heliosphere is the region
of space around the Sun dominated by the solar wind
and the interplanetary magnetic field (IMF). The solar
wind is a stream of supersonic plasma blowing outward
from the Sun. IMF represents solar magnetic field car-
ried by highly conducting solar wind plasma. Interac-
tion of CRs with this large-scale field modulates CRs
flux intensity measured on Earth, which is nested deep
inside the heliosphere. Interaction with the heliosphere
causes gradient and curvature drift motion of CRs and
scattering by the magnetic irregularities embedded in
the solar wind [19]. Variations in the solar magnetic
field directly affect the heliosphere, most prominent
being the solar cycle variation with a period of about
11 years. Solar cycle affects activity of the Sun which is
visible in varying number of sunspots, solar flares (SFs)
and coronal mass ejections (CMEs). Coronal mass ejec-
tion is an extreme solar activity event, followed by sig-
nificant release of charged particles and accompanying
magnetic field from solar corona. Intensity of measured
CRs flux anticorrelates with the activity of the Sun,
with lower intensity during maximum of the solar cycle
and higher intensity during minimum of solar activity.

One of the transient phenomena of this interaction
is the Forbush decrease (FD), which represents a rapid
depression in CR flux. It is usually characterised by a
sudden decrease reaching minimum within one day, fol-
lowed by a subsequent gradual recovery phase, which
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can last for several days. Typical causes of FD are
transient interplanetary events related to interplane-
tary coronal mass ejections (ICMEs). If the speed of
the ICME is greater than fast magnetosonic wave speed
in the solar wind reference frame, ambient solar wind
plasma will be compressed. The shock can be formed,
which is driven ahead of ICME and can cause enhance-
ment of IMF. FD can also be formed due to corotating
interaction regions between different solar wind streams
with different speed [2]. In this paper, we will only focus
on ICME induced FDs, of which we will study four
cases.

Correlation between parameters characterising FDs
(like magnitude of the decrease, duration, one-step or
two-step FDs, etc.) and solar wind parameters has been
studied for some time. There is reasonable evidence
for correlation between FD magnitude and amplitude
of magnetic field enhancement B, velocity of CME,
maximum solar wind velocities and other parameters
as shown in [7,22]. Also, profile of FDs is modelled
and compared with CME magnetic structure, start-
ing from the simple force-free flux rope with circular
cross section, but it can deviate from this ideal con-
cept. FD magnitude is explained with cumulative effect
of diffusion of CRs through the turbulent sheath region
[3,11]. FD is also energy dependent, where amplitude
of decrease is typically around several percent. Higher-
rigidity CRs only weakly interact with magnetic dis-
turbances, so no significant change of the flux can be
expected for CRs with rigidity of several dozen GV [9)].
In order to detect FD at any location, larger statistics
are needed for CRs of lower energy. CRs also inter-
act with geomagnetic field which imposes the mini-
mal rigidity CRs must have in order to reach Earth’s
surface. This geomagnetic cut-off rigidity depends on
geomagnetic latitude. It is smaller at the poles and
increases with latitude, with some exceptions due to
deviation of Earth’s magnetic field from the magnetic
dipole model (i.e., South Atlantic anomaly [4]).

Primary CRs arriving at Earth interact with atoms
and molecules in Earth’s atmosphere. CRs with energy
above 300—400 MeV /nucleon generate showers of sec-
ondary particles. These secondary CRs consist of elec-
trons and photons (electromagnetic component) and
harder, in terms of energy, nuclear component of
the cascade. Nuclear component, at the bottom of
the atmosphere, is composed mainly of muons, pro-
tons, neutrons and neutrinos. Secondary CRs can be
observed with detectors in the atmosphere (balloon
probes), on the ground or even underground. High-
energy muons can penetrate deep underground and can
be an important component of the background in exper-
iments requiring high sensitivity (dark matter search,
proton decay, etc.).

There is a well-known correlation between parame-
ters of solar wind plasma and CR flux, and the goal of
this paper is to extend the study of FDs, specifically its
magnitude and time evolution, to wider range of param-
eters of the heliosphere measured routinely with satel-
lites. We concentrate our study on previously scarcely
used parameters of the solar wind, particularly flux of
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charged particles of different energies. These particles
are the source of inhomogeneity in the IMF, so the
goal is to try and find distinguishing characteristics of
FDs, like magnitude of decrease and FD profile that
can be related to the satellite proton flux data, and
examine their potential correlation with other space
weather parameters. This additional information can
be useful in finding explicit connection between param-
eters of solar wind and CR flux and can lead to better
understanding of these complex processes.

2 CR data

In order to provide higher count rate, detector on
Earth has to be omnidirectional and to detect inte-
gral flux over different range of energies. For the last
seventy years secondary CRs are measured using stan-
dard ground-based neutron monitors (NMs) [6]. There
is a worldwide network of NMs (http://www01l.nmdb.
eu/) that measures flux of secondary CRs originated
from primary CRs with rigidity range approximately
between 1 GV and 20 GV. Every node of the world-
wide network of ground stations has its unique cut-off
rigidity depending on its geomagnetic coordinates and
height. The other type of widely used ground-based CR
detectors are muon monitors. Muon monitors are sen-
sitive to primary CRs of higher rigidity and comple-
ment NMs measurements [26]. Worldwide network of
these muon stations is still rudimentary, but it can pro-
vide insight into flux variation of primary CRs with
energies higher than CRs detected by NMs. Since both
NMs and muon detectors are energy-integrating detec-
tors and use entire atmosphere above it as a moderator,
it is not trivial to relate count rate of these detectors to
the flux or energy spectrum of primary CRs at the top
of the atmosphere. One needs to know the response of
a detector to a unit flux of CRs with the given energy,
the so-called detector yield function. Yield functions
can be calculated either theoretically, using a numeri-
cal simulation of the nucleonic cascade caused by ener-
getic cosmic rays in the Earth’s atmosphere, e.g., [8],
or semi-empirically, for example based on a latitudinal
survey [16].

As flux of secondary cosmic rays is also sensitive to
varying properties of the atmosphere through which
these CRs propagate, it is necessary to conduct flux
correction of the measured flux for atmospheric param-
eters, where atmospheric pressure correction is the most
important. In addition to atmospheric pressure, CR
muons are sensitive to temperature variations in the
atmosphere, starting from the top of the atmosphere all
the way to the ground level. There are several proce-
dures for corrections of these effects which are regularly
used. Most commonly used are the integral method and
the method of effective level of generation, but some
novel techniques have also been introduced in recent
years [25]. Correction for these atmospheric parameters
is necessary in order to increase detector sensitivity to
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Table 1 Properties of primary CR flux related to muons detected at Belgrade CR station

Detector Muon flux 1/(m2s) Eo.05 (GeV) Erea (GeV) Eo.95 (GeV) Cut-off rigidity (GV)
GLL 137(6) 11 59(2) 915 5.3
UL 45(2) 31 137(5) 1811 12

variations of primary CRs flux and more precisely study
the influence of solar modulation on galactic CRs.

Belgrade CR station started collecting data with the
current experimental set-up in 2009. The station con-
sists of two separate detector units: one placed on
ground level (GLL) and the other in shallow under-
ground (UL), both utilising the same experimental set-
up. Such configuration provides opportunity to moni-
tor muon fluxes in two different energy ranges with all
other external parameters (such as atmospheric param-
eters, geomagnetic location and experimental set-up)
being the same. Underground part of the station detects
muons originated from primary CRs with higher energy
because of the layer of soil overburden (13m of loess)
which absorbs lower-energy muons. Details of the detec-
tor systems at the Belgrade CRs station as well as calcu-
lated response functions are presented in [29]. The sta-
tion is situated at the Laboratory for Nuclear Physics at
the Institute of Physics Belgrade, Serbia. The altitude
of the station is 78 m above sea level. Its geographic
coordinates are: 44°51’ N and 20°23' E, with geomag-
netic latitude of 39°32’ N. Sensitivity of Belgrade CR
detectors to galactic CRs is given in Table 1, where
primary CRs with the energy below FEj o5 (and above
Ey.95) contribute with 5% to the count rate of the cor-
responding detector, and F,,.q is median energy based
on simulation. In preparation for the analysis, detected
muon count rates are corrected for efficiency, as well
as for barometric and atmospheric temperature effects.
Temperature effect correction is done using integral
method [24].

3 Satellite data

In recent years, satellites provide new direct measure-
ments of primary CRs flux in the heliosphere and the
geomagnetic field. Also, detectors mounted on space-
craft allow us to probe even further, as Voyager recently
crossed heliospheric boundary and for the first time
galactic CRs flux was measured outside the heliosphere.
The problem with such measurements is limitation to
the size of the detectors, due to constraints of the
construction of the satellites. In order to have valid
statistics and good resolution, only low-energy parti-
cle flux can be measured. These low-energy particles
are sensitive to geomagnetic field, which can introduce
additional perturbation. Also, measurements of low-
energy CRs can be masked by the increased flux of
low-energy solar energetic particles (SEPs) in the MeV
energy range. FDs detected by ground-based detec-
tors are measured in energy range several orders of

magnitude higher than the energy range available to
satellites measurements. (NMs detect flux that orig-
inate from ~ 10GeV, single muon detectors higher
than that up to ~ 100 GeV, while solar weather satel-
lite measurements range up to several 100 MeV.) SEP
occurrence is sporadic and depends on which part of
the solar cycle we are in, so long-term studies with
stable data quality are necessary if we are to study
solar modulation of CRs. Such long-term measure-
ments have been performed with various spacecrafts
during the last four decades. Data measured on dif-
ferent interplanetary locations are then used for mod-
elling of the heliosphere, which is important for under-
standing and forecasting space weather. This is a rel-
atively new and dynamic field that is still expanding.
More in situ measurements that can be catalogued [17]
and compared with data from ground based stations
will improve our understanding of near space environ-
ment.

In this paper, we use proton data from ERNE (Ener-
getic and Relativistic Nuclei and Electron experiment)
detector at the SOHO (Solar and Heliospheric Observa-
tory) (https://omniweb.gsfc.nasa.gov /ftpbrowser /flux_
spectr_m.html), which has been performing measure-
ments in Lagrangian point L1 for the last quar-
ter of a century described in [13] and references
therein. Experiments that collects in situ particles data
are ERNE and COSTEP (Comprehensive SupraTher-
mal and Energetic Particle analyser), where data
are combined to meet requirements of the mission.
ERNE detector provides proton flux data in rel-
atively large energy range (1.6 to 131MeV) sepa-
rated in several energy channels (1.3—1.6,1.6—2.0,
2.0-2.5,2.5—3.2,3.2—4.0,4.0—5.0, 5.0—6.4, 6.4—8.0,
8.0—10,10-13,13—16,16—20, 20—25, 25—32, 32—40, 40
50, 50—64, 64—80,80—100,100—130 MeV) . Measure-
ments are taken with two different detectors: LED (low-
energy detector) covers lower-energy and HED (high-
energy detector) which covers higher-energy channels
[28]. Satellites, including SOHO, also measure in situ
parameters of the space environment and gather data
about magnetic field, solar wind and concentration and
flux of various types of particles on the location. Satel-
lite data relevant to heliospheric studies are, among
other places, available at GSFC/Space Physics Data
Facility, in the form of low- and high-resolution OMNI
data (https://spdf.gsfc.nasa.gov/pub/data/omni/low_
res_omni/). In this study, we used the low-resolution
OMNI data that contain hourly data for the solar
wind magnetic field and plasma parameters, ener-
getic proton fluxes, and geomagnetic and solar activ-
ity indices for different regions in proximity to Earth
[12].
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4 Four prominent FD events during rising
phase of solar cycle 24

Previous (24th) solar cycle started in December 2008
and ended in November 2019 (as available from Sunspot
Index and Long-term Solar Observations database
http://www.sidc.be/silso/node/167). It had an unusu-
ally weak maximum, with smoothed maximum inter-
national sunspot number of 116. For comparison, in
cycles 22 and 23 this number was 214 and 180, respec-
tively (as available from Sunspot Index and Long-
term Solar Observations database http://sidc.be/silso/
home). Same period was also characterised by smaller
number of FDs, especially ones with larger amplitudes.

There were fifteen strong FDs (with magnitude of
decrease larger than 5% for particles with 10 GV rigid-
ity) recorded in the rising phase of solar cycle 24, how-
ever in this study we will limit our analysis to four
events detected by the Belgrade Cosmic Ray Station
(http://www.cosmic.ipb.ac.rs/). Other prominent FDs
that occurred in this period have not being detected by
either GLL or UL detector due to discontinuity of oper-
ation, so they have been omitted from this study. All
four events followed ejections from an active region on
the Sun, accompanied by a solar flare with interplane-
tary shock wave and sudden storm commencing (SSC),
and disturbance in the geomagnetic field. All of these
FDs were seen by the NM detector network as well.

First significant FD of solar cycle 24 was recorded on
18 February 2011 and has been caused by a CME head-
ing directly towards Earth [20]. It has been detected by
most ground stations around the world. Its morphol-
ogy is influenced by the interaction of two CMEs, first
slower and the second faster (with respective speeds
of 390 km/s and 1020 km/s), that occurred a day apart
[27]. Geomagnetic activity has been relatively weak due
to orientation of the magnetic field of the ejecta [21].

Second event was observed on 7 March 2012. It
included an X-class flare (X5.4), that occurred in
NOAA AR 11429 with an intense halo CME, followed
by several smaller flares and another partial CME. It
caused one of the strongest FDs of the last solar cycle.
Observed solar activity was also related to the intense
geomagnetic storm that followed [15].

A strong SF (X1.6) was detected by several space-
crafts during 10 September 2014, originating from
active region NOAA AR 2158. Based on the SOHO
coronagraph images, this flare was associated with a
CME that was aimed towards Earth, where it arrived
on September 12. This activity resulted in a major geo-
magnetic storm, one of the strongest in 2014.

In the second half of June 2015, solar activity was
very intense, since a number of CMEs and flares were
produced from the powerful AR 12371, which domi-
nated solar activity during that period [23]. The impact
of these CMEs on the Earth’s magnetosphere resulted
in a moderate to severe G4-class geomagnetic storm
that occurred on the summer solstice. The result was a
very interesting and unusual modulation galactic CRs
flux, which appeared as a series of FDs.
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For the study of FD events and their relationship
with IMF and geomagnetic disturbances, researchers
from IZMIRAN (Pushkov Institute of Terrestrial Mag-
netism, Ionosphere and Radio Wave Propagation, Rus-
sian Academy of Sciences) created an FD database
(http://spaceweather.izmiran.ru/eng/dbs.html) which
contains various FD parameters, as well as their rela-
tionship with heliospheric and geomagnetic parameters
covering several solar cycles [1]. Properties of the four
selected FDs, taken from the IZMIRAN database, are
given in Table 2.

5 Data analysis

In order to establish the usability of SOHO SEP flux
data in the study of CR variations, we will first anal-
yse how muon count rate time series compare with
some of the IMF parameters more commonly used in
the analysis of solar activity-induced CR variations. To
this end, we compare hourly muon count rates (mea-
sured by Belgrade muon station and corrected for atmo-
spheric effects) with time series for selected parame-
ters from OMNI database. To give more weight to this
qualitative analysis, we concentrate only on periods
of extreme solar activity, in particular periods of the
occurrence of four FD events described in Sect. 4. We
then examine the relationship between measured muon
count rates and the SOHO/ERNE SEP flux data and
analyse any discerning features in comparison with the
ones observed in OMNI data time series. The period
selected for this analysis is approximately one solar
rotation of 27 days. All probes at L1 are about an hour
upstream of the magnetosphere so all their data are
interspersed with data from spacecraft close to Earth
(e.g., IMP 8). In order to compute hourly averages “at
Earth” this time shift has to be taken into account
(https://omniweb.gsfc.nasa.gov/html/ow_data.html).

Next, we investigate the short-term correlation between
SEP flux and muon count rate data during time periods
of four selected FDs. Muon time series for this proce-
dure were selected for times where average muon flux
was significantly lower than the background level. Back-
ground level was determined from moving averages for
hourly count rates 10 days before the event. We then
perform correlative analysis between SOHO SEP flux
data and muon count rates for a period of one year
(from 01.06.2010 to 31.05.2011), in order to establish
the long-term relationship. For further insight, we also
look into the correlation between these variables during
the periods of reduced geomagnetic activity (Interna-
tional Quiet Days) and increased geomagnetic activity
(International Disturbed Days).

Finally, we look in greater detail into SOHO SEP
flux time series. In order to perform more quantitative
analysis, time-integrated flux is calculated for SEP data
for different SOHO energy bins and for the duration of
selected FD events. In order to provide a parameter for
characterisation for different FD events, calculated inte-
gral flux is plotted as a function of proton energy and
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Table 2 Selected FD and interplanetary disturbance parameters (taken from IZMIRAN database)

FD 1 FD 2

Parameter

FD 3 FD 4

Parameter comment

Date of FD

Date of parent solar event
AR number

VmeanC

18.2.2011.
15.2.2011.
1158

584

8.3.2012.
7.3.2012.
11429
1198

Braa 31 23.1

Bzmin - 5.5 - 16.1

Ryuik 72.25 146.2

Magn 5.2

MagnM 4.7 13.1

TminM 7 20

Kpmaz 5 8

Apmaz 48 207

Dstmin - 30 — 143
Flare class X2.2 X5.4

SSN 85 97

12.9.2014.
10.9.2014.
2158

906

22.6.2015.
21.6.2015.
12371
1040

NOAA active region

The average ICME velocity
between the Sun and the
Earth, calculated using the
time of the beginning of
the associated CME
observations (in km/s)

Maximal hourly solar wind
speed in the event (in
km/s)

Maximal hourly IMF
strength in the event (in
nT)

Minimal hourly Bz
component of the IMF in
the event (in nT)

An estimate of the maximum
proton rigidity (in GV)
that can be reflected by the
total magnetic field,
integrated from the event
onset to the FD minimum

FD magnitude for particles
with 10 GV rigidity,
calculated as maximal
range CRs density
variations in the event,
obtained by GSM from NM
network data ( in %)

FD magnitude for particles
with 10 GV rigidity,
corrected on
magnetospheric effect with
Dst-index (in %)

Time from the FD onset to
minimum, calculated from
the data corrected for
magnetospheric effect

Maximal Kp-index in the
event

Maximal 3-hour Ap-index in
the event

Minimal Dst-index in the
event (in nT)

Associated X-ray flare data

Number of sunspot at the
FD onset day

730 742

31.7 37.7

-9.5 -26.3

131.35 171.25

8.5 8.4

6.9 10.4

6.33 8.33
94 236
- 75 - 204

X1.6 M2.6
126 56

fitted with a power function. Dependence of magnitude
for selected FDs on the exponents obtained from fitted
distributions is then analysed.

6 Results and discussion

Comparison between time series of selected IMF param-
eters from OMNI database and muon count rate time

series during the periods of four selected FD events
is shown in Fig. 1. Observed anticorrelation between
muon count rates and proton flux and temperature, as
well as with the overall IMF magnetic field and detected
plasma speed, is in agreement with previously stated
evidence in the literature [30].

Similar comparison between muon count rate time
series and selected channels of SOHO/ERNE proton
flux data for the same time intervals is shown in Fig.
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(start of time interval on 13 June)

2. For the sake of clarity, we chose three energy chan-
nels (1.6—2MeV, 16—20MeV, 100—130 MeV), approx-
imately one order of magnitude apart, where first chan-
nel is measured with LED and the other two with HED
detector on SOHO/ERNE instrument. In case of the
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February 2011 event, there is an observable time lag
(=55h) between the increase of measured proton flux
at low-energy channels (1.6—2MeV and 16—20 MeV
energy channels) and the beginning of FD recorded at
ground station. This time lag is also present between
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OMNTI proton flux data and ground station measure-
ments for this FD alone. FD is a complex modula-
tion of CR flux that depends on a lot of parameters,
like magnitude of magnetic field and its components,

speed of solar wind and CMEs (with CME average
speed ~ 490 km/s), most of which are listed in Table 2.
Parameter values for all four ICMEs are mostly compa-
rable, but one difference that stands out is the discrep-
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ancy in average CME velocity (584 km/s from Table 2.)
for the FD of February 2011, which can possibly explain
the observed time lag for this particular FD.

Based on the observed time lag and other coinci-
dent features, we can establish good agreement between

@ Springer

SOHO low-energy channel data and OMNI data time
series. As for high-energy channels, SEP time series in
100—130 MeV energy range for February 2011 and June
2015 events appear to correlate with muon count rate
measurements on the ground. One possible explanation
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Table 3 Statistical correlation between Belgrade CR station and SOHO/ERNE measurements during the periods of four

selected FD events

FD Energy range (MeV) GLL UL
Pearson coefficient P value Pearson coefficient P value
FEB 11 1.6-2.0 H ~0.10877 0.01 ~0.05285 0.2
16-20 H ~0.18384 2x107° - 0.10732 0.01
100-130 H 0.24204 <107° ~0.13212 0.02
MAR 12 1.6-2.0 H — 0.48477 <1076 —0.43994 <1076
16-20 H - 0.72033 <1076 ~0.68221 <1076
100-130 H ~0.29172 <1076 ~0.27822 <1076
SEP 14 1.6-2.0 H - 0.2839 <1076 — 0.48052 <1076
16-20 H —0.37814 <1076 - 0.63735 <1076
100-130 H —0.04951 0.007 —0.10466 0.2
JUN 15 1.6-2.0 H - 0.3921 <10°¢ - 0.27531 <10°¢
16-20 H —-0.31229 <10°¢ - 0.17113 <10°¢
100-130 H 0.48588 <10°¢ 0.39296 <10°¢

could be that in addition to SEP these energy channels
are also populated by very low-energy CRs.

We can further investigate this assumption by look-
ing more closely into SOHO SEP flux time series for
one of the two weaker FD events. We have selected
June 2015 event, as time series for higher-energy chan-
nels appear to be slightly more informative. Figure 3
shows proton flux series for all energy channels mea-
sured by SOHO/ERNE detector. From these plots, it
is apparent that proton fluxes for energies larger than
64 MeV exhibit different dynamic relative to fluxes of
lower energies, and seem to be in anticorrelation with
them. This indeed supports the assumption these chan-
nels are populated by low-energy CR.

Another way we can illustrate this observation more
quantitatively is by performing correlative analysis.
Firstly, we will look into short-term correlations between
proton flux and muon count rate time series during four
selected FD evens. Correlation between respective time
series was found using Pearson correlation coefficient.
For significance two-tailed test is used. Correlation coef-
ficient and its significance level between ground station
and in situ measurement from SOHO/ERNE instru-
ment is given in Table 3.

Due to higher energy of the primary CRs detected
in UL, the correlation between SEPs and measured
flux in UL is smaller than correlation between SEPs
and flux measured in GLL. The greatest anticorrela-
tion (i.e., between GLL and UL data and 16—20 MeV
protons ~ —0.7) is observed for the strongest ICME
(and corresponding FD) of March 2012, and this anti-
correlation is observed in all energy channels. However,
for lower-intensity events of June 2015 and February
2011, correlations between detected CR flux in GLL and
highest energy channel (100—130 MeV) are mostly pos-
itive. These observations further confirm the assump-
tion about high-energy channels being populated by
low-energy CR, which is especially evident in case of
low-intensity FD events.

Table 4 Pearson correlation coefficient for the correlation
between CR flux detected at Belgrade CR station (GLL
detector) and flux of protons of different energies detected
with SOHO/ERNE detector, for the period of one year
(from June 2010 May 2011)

GLL
Pearson coefficient P value
H 1.3-1.6 MeV - 0.02 0.13
H 1.6-2.0 MeV —0.02 0.16
H 2.0-2.5 MeV - 0.02 0.20
H 2.5-3.2 MeV - 0.01 0.27
H 3.2-4.0 MeV - 0.01 0.36
H 4.0-5.0 MeV - 0.01 0.57
H 5.0-6.4 MeV < 0.01 0.75
H 6.4-8.0 MeV < 0.01 1.00
H 8.0-10 MeV < 0.01 0.78
H 10-13 MeV 0.01 0.57
H 13-16 MeV 0.01 0.41
H 1620 MeV 0.01 0.31
H 20-25 MeV 0.01 0.26
H 25-32 MeV 0.01 0.24
H 32-40 MeV 0.01 0.27
H 40-50 MeV 0.01 0.46
H 50-64 MeV < 0.01 0.80
H 64-80 MeV 0.05 < 0.01
H 80-100 MeV 0.12 < 0.01
H 100-130 MeV 0.07 < 0.01

Similar results, with even greater correlation between
the entire time profile for flux measured with NMs and
solar wind speed and magnetic field during ICME, are
reported for stronger FDs during solar cycle 23 [5].

Next, we will analyse long-term correlations between
SOHO proton flux and measured muon count rates.
Pearson coefficients for this correlation over a period
of one year (from June 2010 May 2011), when activity
of the Sun was low at the commencement of the 11-
years cycle, are presented in Table 4. Here we see very
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Table 5 Pearson correlation coefficient for the correlation between CR flux detected at Belgrade CR station (GLL detector)
and flux of protons of different energies detected with SOHO/ERNE detector, during international geomagnetically quiet
and disturbed days for the period of one year (from June 2010 May 2011)

GLL Quiet days

GLL Disturbed days

Pearson coefficient P value Pearson coefficient P value
H 1.3-1.6 MeV 0.01 0.61 - 0.05 0.13
H 1.6-2.0 MeV 0.01 0.80 - 0.05 0.14
H 2.0-2.5 MeV 0.02 0.30 - 0.05 0.13
H 2.5-3.2 MeV 0.03 0.11 - 0.05 0.12
H 3.2-4.0 MeV 0.04 0.04 - 0.05 0.10
H 4.0-5.0 MeV 0.05 0.02 - 0.06 0.08
H 5.0-6.4 MeV 0.05 0.01 - 0.06 0.07
H 6.4-8.0 MeV 0.06 0.01 - 0.06 0.06
H 8.0-10 MeV 0.06 0.01 —0.06 0.06
H 10-13 MeV 0.06 0.01 - 0.06 0.07
H 13-16 MeV 0.06 < 0.01 - 0.06 0.08
H 1620 MeV 0.06 < 0.01 —0.05 0.10
H 20-25 MeV 0.06 < 0.01 - 0.05 0.12
H 25-32 MeV 0.06 < 0.01 - 0.05 0.15
H 32-40 MeV 0.06 < 0.01 - 0.04 0.20
H 40-50 MeV 0.06 < 0.01 -0.02 0.57
H 50-64 MeV 0.07 < 0.01 0.07 0.03
H 64-80 MeV 0.25 < 0.01 0.08 0.02
H 80-100 MeV 0.38 < 0.01 0.11 < 0.01
H 100-130 MeV 0.15 < 0.01 0.09 0.01

little correlation between CR and proton fluxes in all
but the highest energy channels (above 64 MeV).

Table 5 shows the same correlation analysis if only
data for 10 geomagnetically quietest or 5 geomagneti-
cally most disturbed days of each month (http://isgi.
unistra.fr/events_qdays.php) are used. The fact that
we observe a significant increase of positive correlation
coefficients in the case of geomagnetically quiet days,
further corroborates the assumption about the mixed
nature of particles that populate higher-energy chan-
nels. Consequentially, care should be taken how data
from these channels are treated in analysis.

To provide further quantitative support for the use
of SOHO SEP flux measurements in the analysis of
FD events, we will calculate integral proton flux in all
energy channels for the four selected FDs. Integration
intervals are selected to include the period of increased
proton flux that corresponds to a particular FD, but
not to extend the interval to include potential follow-
up structures that cannot be associated with the event.
One such selection for all energy channels, for June 2015
event, is indicated by dashed lines in Fig. 3. In Fig. 4,
we show thusly calculated integral flux as a function
of particle energy (where lower boundary values from
SOHO SEP energy bins are taken), using both linear
and log scale for clarity.

One feature that can be noticed from plots in Fig. 4 is
that integral flux drops off is more steeply in February
2011 than for others studied FDs, where a change in the
trend between high-energy and low-energy range can
be observed. FD that occurred in March 2012 was the
longest and the most intensive of the four. Steepness of
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the integral flux for this FD shows relatively more popu-
lated proton channels with higher energies compared to
weaker FD. This is in agreement with strongest modu-
lation of CRs flux during this FD. There is a discontinu-
ity in the integral flux between proton energy channel
13—16 MeV and 16—20MeV due to different acquisi-
tion method from different instruments, and possibly
because of degradation of the detectors on board the
spacecraft [13] and saturation of the instrument due to
high intensity of solar protons [18].

One simple way to characterise relative abundance
of SEP particles of different energies for a given event
would be to fit described integral flux distribution with
a power function, where (in a simple approximation)
larger exponent would indicate greater relative abun-
dance of lower-energy particles, while smaller exponent
would point to greater relative abundance of higher-
energy particles. Distributions were fitted with a power
function given by the formula I(E) = a * E® (where [
is the integral flux and E is particle energy), resulting
fits represented by red lines in Fig. 4, while values for
the exponents of power function fits are represented in
Table 6.

If SOHO protons flux measurements are to be proved
useful in the analysis of FD events, SEP flux character-
istics should correlate with some of the FD and inter-
planetary disturbance parameters. To test this, we have
analysed dependence of different FD parameters on the
exponent of the integral proton flux power distribution
(labelled b in the formula in previous paragraph). We
have found some correlation for most tested parame-
ters, most striking being one between the magnitude
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Fig. 4 Time-integrated flux of differential SEP fluxes during the four selected FD events: a February 2011, b March 2012,
c September 2014 and d June 2015, in linear and logarithmic scale. Power function fits are represented by red lines

Table 6 Exponent values of power function fits of integral
proton flux distributions

FD Power function exponent values
FEB 2011 —2.56
MAR 2012 - 1.18
SEP 2014 —-2.20
JUN 2015 - 1.64

of FD for particles with 10 GV rigidity (corrected for
magnetospheric effect) and the exponent of the integral
flux. This dependence (strictly for illustrative purposes
fitted with linear fit) is shown in Fig. 5.

Observed strong dependence is potentially a very
good indicator that SOHO SEP flux measurements can
be a valid source of data to be used in the analysis of

interplanetary disturbances and their interaction with
cosmic rays.

7 Conclusions

Analysing strong aperiodic variations of cosmic ray flux,
such as Forbush decreases, allows us to study violent
processes that occur on the Sun, and corresponding per-
turbations in the heliosphere, using Earth-based detec-
tors. In addition to cosmic ray flux and magnetic field
data commonly used to study such events, we have
extended analysis to include proton flux measurements,
obtained using spacecraft mounted detectors. Based on
the analysis of four selected Forbush decrease events, we
have found SOHO/ERNE proton flux measurements to
be consistent with solar plasma parameters, as well as
with observations by the ground-based muon detectors.
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and d June 2015. Linear fit (for illustrative purposes) is indicated by the red line

We have concluded that during Forbush decrease events
lower-proton-energy channels are dominated by SEP
particles, while in higher-energy channels there is a con-
tribution of low-energy cosmic rays, especially apparent
during less intense events. We have found a clear corre-
lation between Forbush decrease magnitude (corrected
for magnetospheric effect with Dst-index for particles
with 10 GV rigidity) and power exponent of the integral
flux of SOHO/ERNE measurements. This result gives
grounds to further pursue the analysis of heliospheric
proton flux data, as it may yield additional valuable
information. Such information can potentially help us
to classify and study in greater detail the dynamics of
interaction of cosmic rays in the heliosphere.
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Abstract Correction of meteorological effects on muon component of secondary cosmic rays
significantly extends the usability of muon monitors. We propose a new data driven empirical method for
correction of meteorological effects on muon component of secondary cosmic rays, based on multivariate
analysis. Several multivariate algorithms implemented in Toolkit for Multivariate Data Analysis with
ROOT framework are trained and then applied to correct muon count rate for barometric and temperature
effects. The effect of corrections on periodic and aperiodic cosmic ray variations is analyzed and compared
with integral correction method, as well as with neutron monitor data. The best results are achieved by the
application of linear discriminant method, which increases sensitivity of our muon detector to cosmic ray
variations beyond other commonly used methods.

Plain Language Summary Primary cosmic rays are energetic particles that arrive at Earth
from space. On their journey toward Earth they are affected by the solar wind (a stream of charged
particles emanating from the sun), which has information about various solar processes embedded in it. In
top layers of the atmosphere primary cosmic rays interact with nuclei of air molecules and produce large
number of secondary particles that propagate toward Earth's surface. These secondary particles preserve
information about variations of primary cosmic rays, which allows for the study of solar processes using
Earth based detectors. One type of secondary particles that can be detected on the ground are muons.
However, muons are affected by the conditions in the atmosphere, which can disturb the information
about variations of primary cosmic rays. That is why it is important to model these atmospheric effects on
cosmic ray muons as well as possible so they can be corrected for. In this study, we present a new method
for modeling and correction of atmospheric effects on cosmic ray muons, that is based on multivariate
analysis utilizing machine learning algorithms. This method increases sensitivity of our muon detector to
cosmic ray variations beyond other commonly used methods.

1. Introduction

Meteorological effects on muon component of secondary cosmic rays have been known and studied for
almost a century. A number of meteorological parameters contribute to variation of muon flux in the atmos-
phere, but two are the most significant: atmospheric pressure and atmospheric temperature.

Aperiodic fluctuations of intensity, discovered in the very early cosmic ray measurements, were eventually
attributed to the variation of atmospheric pressure by Myssowsky & Tuwim (1926) (associated effect dubbed
barometric), while temperature effect has been discovered more than a decade later and has two compo-
nents: negative (first quantitively described by Blackett, 1938) and positive (suggested by Forr6, 1947). Bar-
ometric effect represents variation of muon flux due to variation of the mass of the absorber (air column)
above the detector. Negative temperature effect is a consequence of dependence of effective height of muon
generation level on the atmospheric temperature, resulting in longer muon path and increased probability
of decay with higher temperature. Positive temperature effect has to do with positive correlation between
atmospheric temperature and air density, decreasing the probability of nuclear interactions and increasing
the probability of decay of muon-generating pions with the increase of temperature.

In order to study variations of primary cosmic rays (CR) using Earth based muon detectors, it is of the ut-
most importance to describe these meteorological effects as precisely as possible so they can be corrected
for. A precise correction for meteorological effects significantly increases sensitivity of muon detectors to
CR variations, making them a more usable counterpart to neutron monitors (the other widely used type of
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ground based cosmic ray detectors), as muon detectors are normally responsive to higher energy prima-
ry cosmic rays. Additionally, muon monitors have a unique application in diagnostics of the atmosphere,
allowing for prediction of atmospheric temperatures provided a good model of meteorological effects is
available (Belov et al., 1987; Kohno et al., 1981).

Several empirical and theoretical models of meteorological effects have been proposed over the years, based
on which corrections can be performed. Even though full set of meteorological effects is larger, in this anal-
ysis we will concentrate on the correction of temperature and barometric effect only, so results can be more
easily compared to other methods.

Some of the most commonly used methods for temperature correction are: method of effective level of gen-
eration, introduced by Duperier (1949), integral method, developed by Feinberg (1946), Dorman (1954), and
others (Maeda & Wada, 1954; Wada, 1962), method of mass-averaged temperature developed by Dvornikov
et al. (1976), and method of effective temperature (mostly applicable to underground detectors) (Barrett
et al., 1952).

Each of these methods have their own advantages, but in this study, we have decided to use the integral
method as a reference against which to compare the results of our analysis. Main reason being is that it is
derived from the theory of meteorological effects, which involves the most detailed analysis, as well as it
being the least approximative. According to this approach, relative variation of muon count rate due to the
temperature effect can be expressed as:

sl ho
[T] - f a(h)- ST(h) - dh, 1)
temp

0

where « is temperature coefficient density function, 5T is temperature variation and h, is atmospheric
depth of the observation level expressed in g/cm? Temperature coefficient density function is calculated
theoretically, while temperature variation is calculated relative to some reference temperature for the peri-
od, usually mean temperature. In practical application, integration in Equation 1 is substituted with a sum,
taking into account some finite number of isobaric levels.

Analysis of barometric effect is also included in the theory of meteorological effects, but barometric coeffi-
cient is rarely calculated theoretically. Most commonly it is determined using linear regression, assuming
linear dependence between atmospheric pressure and muon flux:

o) pa
pres

where g is barometric coefficient, and 5P represents atmospheric pressure variation.

Each of the mentioned methods is at least in some part approximative, so the idea behind this work is to
introduce a new empirical method for correction of meteorological effects that would be data driven, as-
suming as little as possible upfront. Other advantages of such approach are that it does not depend on the
design of the detector, location of the site or topology of the surrounding terrain (as these would ideally be
factored in by the model), and that it can be applied in near-real time. Additionally, proposed method can
be used in the analysis and potential correction of temperature effect of neutron component of cosmic rays,
as part of detected neutrons can originate from cosmic ray muons captured in the nuclei of the shielding of
a neutron monitor detector (Dorman, 2004). Finally, in principle it can easily be generalized to take wider
set of meteorological parameters into account.

As the presented problem is multidimensional, involving a relatively large number of correlated variables,
we have decided to employ multivariate analysis, relying on machine learning techniques. In some re-
cent work (Morozova et al., 2017; Savic et al., 2019) decorrelation of atmospheric variables and numerical
modeling has been successfully applied to the study of interaction of cosmic rays with Earth's atmosphere,
so utilizing adaptive and flexible machine learning methods could possibly yield further improvement,
potentially revealing additional dependencies and taking higher order effects into account. This approach
involves application of a number of multivariate algorithms, more or less rooted in statistical machine
learning, to our problem and comparing their consistency and effectiveness with selected reference results.
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Large part of variations observed in continuous cosmic ray measurements can be attributed to different
space weather phenomena, due to modulation of primary cosmic rays in the heliosphere. In terms of tem-
poral properties, they can be classified as periodic or aperiodic. We will test how newly introduced methods
for correction of meteorological effects affect the sensitivity for detection of both periodic as well as aperi-
odic variations of muon flux of nonterrestrial origin, and how it ultimately compares to the sensitivity of
neutron monitors.

2. Data

For the analysis of meteorological effects both muon flux and meteorological data are needed. Muon flux
was measured experimentally in the Low Background Laboratory at the Institute of Physics Belgrade, while
meteorological data is a combination of modeled atmospheric temperature profiles, and atmospheric pres-
sure and ground level temperature measured locally.

2.1. CR Muon Data

Low Background Laboratory (LBL) is located on the grounds of the Institute of Physics Belgrade. Geograph-
ical coordinates for the laboratory are 44°51’N and 20°23’E, with elevation of 75 m and geomagnetic cutoff
rigidity of 5.3 GV. Detector system is comprised of a 100 X 100 X 5 cm plastic scintillator with accompany-
ing read-out electronics. Median energy for the detector system is (59 4 2) GeV (Veselinovi¢ et al., 2017),
with muon flux of (1.37 & 0.06) x 102 per cm? s. Electron contamination determined for a previously used
experimental setup was ~24% (Dragi¢ et al., 2008), and is assumed to be comparable for the current one
(Jokovi¢, 2011). More detailed description of the laboratory and the experimental setup can be found else-
where (Dragic et al., 2011). Native muon count rate data has time resolution of 5 min, but hour sums are
also frequently used in analysis.

Continuous cosmic ray muon flux measurements have been ongoing in LBL since 2002, current setup being
utilized since 2009. Data are available to public via an online interface on the Belgrade Cosmic Ray Station
internet site (Low Background Laboratory for Nuclear Physics, 2020).

As with any long-term measurement, some shorter interruptions and inconsistencies are unavoidable,
hence when choosing the interval to be used for the analysis we decided to use a one-year period from June
1, 2010 to May 31, 2011, where measurements had the most continuity and consistency. Additionally, using
a one-year period should remove any potential bias, primarily due to annual temperature variation.

2.2. Meteorological Data

Meteorological parameters needed for the analysis come from two sources: Atmospheric temperature pro-
file data are produced by an atmospheric numerical model, while atmospheric pressure and ground temper-
ature data come from local measurements.

Meteorological balloon soundings above Belgrade done by Republic Hydro-meteorological Service of Serbia
(RHMZ, 2020) are not frequent enough for the purposes of this analysis, so modeled data for atmospher-
ic temperature profile are used instead. Several numerical atmospheric models can provide such data. In
this work, we have chosen Global Forecast System (GFS) produced by National Centers for Environmental
Prediction (GFS, 2020), which has been found to be in best agreement with ballon soundings done above
Belgrade. Comparison was done where soundings data were available, as described in our previous study
(Savic et al., 2019). GFS provides a large number of modeled atmospheric parameters among which are
atmospheric temperatures for different isobaric levels. Modeled data sets are being produced four times per
day (at hours 00:00, 06:00, 12:00, and 18:00). In addition, analysis data are also available, reprocessed post
festum and taking into account real data measured by world network of meteorological services. In this
analysis, we have been using such reprocessed atmospheric temperatures for the following isobaric levels:
10, 20, 30, 50, 70, 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 925, and
975 mb. Data are available with spatial resolution of 0.5° of geographical longitude/latitude, so coordinates
closest to the laboratory coordinates were chosen. Data were then interpolated with cubic spline, similar as
in Berkova et al. (2012), and sampled in finer time resolution needed for the analysis.
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Atmospheric pressure and ground temperature data are compiled from different meteorological stations in
and around Belgrade, and then interpolated as described in more detail elsewhere (Savic et al., 2016). Final-
ly, unique time series of combined modeled and measured meteorological data, with finest time resolution
of 5 min, is assembled to be used in the analysis.

3. Methodology

The use of machine learning has seen an unprecedented expansion in the last decade. The main strength of
such approach being that it does not assume any a priori model, but is data driven and thus able to poten-
tially discover hidden dependencies. This is especially true when applied to large data sets with many cor-
related variables. In this study, we want to establish whether such approach would yield any improvements
when applied to the problem of meteorological effect on cosmic ray muons.

To test this, we have decided to use toolkit for multivariate analysis (TMVA) package which provides a
ROOT-integrated environment for application of multivariate classification and regression techniques
(Hoecker et al., 2007). The package has been developed for the use in high-energy physics and contains im-
plementation of a number of supervised learning algorithms, which utilize training and testing procedures
on a sample data set to determine the mapping function. Mapping function maps the input parameters to
output target value, trying to model the actual functional dependence (“target” function) as accurately as
possible. The structure of the mapping function is algorithm specific, and can be a single global function
or a set of local models. Trained algorithm is then applied to the full data set and provides either a signal/
background separation (in case of classification) or prediction of target value (in case of regression).

For us, the later application is especially interesting. The idea is to train the mapping function, using me-
teorological parameters as input variables, and muon count rate as the regression target, and use trained
function to produce the predicted target output for a larger data set. In principle, implementation of this
procedure is specific for different analysis frameworks. TMVA provides template code for the training and
application of multivariate methods, where optimal parameters obtained in the training/testing phase are
stored in “weight” files to be used in the application phase. Thusly predicted muon count rate would ideally
contain only variations related to meteorological effects, while the residual difference between modeled
and measured muon count rate would contain variations of non-meteorological origin. We would apply this
procedure for a number of algorithms implemented in TMVA, compare their performance and efficiency
based on several criteria, and finally suggest the methods best suited for the modeling, and ultimately the
correction, of meteorological effects.

Corrected muon count rate would be calculated according to the following equation:
N = A, (V) ®
where

AN,U = N,Ezlm)d) - Nu (4)

is the difference between the modeled and measured muon count rate.

Not all machine learning methods are equally suited for all types of problems and selection of the optimal
method for a particular application is rarely straightforward. The efficiency of different algorithms depends
on a number of factors: Whether they are used for classification or regression, is correlation between param-
eters linear or nonlinear, what is the general complexity of the problem and required level of optimization,
and so on. One can only assume the efficiency of any given algorithm upfront but there is no clear general
rule which one will perform best in a particular situation. Often, several algorithms with specific strengths
and weaknesses can be applied to the same problem and only through analysis of the final result the opti-
mal one can be determined. For this reason, in our analysis we have decided to indiscriminately include the
largest number of algorithm classes available in TMVA, and only after extensive parallel testing narrow the
selection down to the optimal one.

We will briefly describe different classes of multivariate methods available in TMVA, as well as list specific
algorithms that were chosen as representative for each class. First class are methods based on probability
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density estimation (PDE) techniques, where actual probability density function is estimated based on the
available data. Here we have selected to test two specific multidimensional implementations, somewhat
similar in nature: PDE range-search (PDE-RS) and k-nearest neighbor (KNN) algorithms. Examples of use
of this approach for multivariate regression are scarce, but the success with which PDERS was applied in
classification problems in high-energy physics (Carli & Koblitz, 2003) motivated its use here. Second class
are methods based on function discriminant analysis. These methods are widely used for dimensionality
reduction and classification. Here, we selected the linear discriminant (LD) algorithm which shares some
similarities in the approach with principal component analysis (PCA), in that it maps a space of potentially
correlated input variables onto a smaller space of uncorrelated variables, but in addition to PCA it also
maximizes the separation between output classes, making it a natural choice for application to our prob-
lem. Algorithms that employ higher order functions were also tested, but as could be expected performed
more poorly. Application of artificial neural networks (ANN) to multivariate regression problems has seen
expansion in recent years, where ANN methods often perform better than more straightforward regression
techniques, especially if some degree of nonlinearity is present. Even though the dependence of cosmic
ray muon flux on atmospheric temperatures is linear, we felt it is certainly worth investigating how ANN
methods would perform when applied to this problem, and if any additional hidden dependence would be
revealed. We have chosen to apply the MLP, as it is the fastest and most flexible available ANN algorithm in
TMVA. Finally, method of boosted regression trees (BDT) employs a larger number (forest) of binary deci-
sion trees, which split the phase space of input variables based on a yes/no decision to a series of sequential
cuts applied, so to predict a specific value of the output variable. They have been very successfully applied
to classification problems in high-energy physics (Lalchand, 2020), but can also be used for multivariate
regression with the similar rationale as for the ANN. We have selected two representative algorithms for
testing: boosted decision tree (BDT) and gradient boosted decision tree (BDTG).

In this analysis, the procedure is applied to correction of barometric and temperature effect but it is easy to
see how it can be extended to include more atmospheric variables, especially as such data is readily available
from atmospheric numerical models.

3.1. Training Procedure

For the training/testing data subset we have selected data for the 10 geomagnetically quietest days of each
month (list provided by GFZ German Research Center for Geosciences, GFZ Potsdam, 2020), as we expect
variations due to meteorological effects to be more pronounced here. This subset was then further split into
training and testing data set, where 70% of randomly selected data was used for training while remaining
30% was used for testing. Data time resolution used was 5 min as it gave us a larger statistics for training.

There is a number of settings that can be manipulated for each of the multivariate algorithms used. They
vary from some basic parameters, to selection of different subalgorithms or various options that can be
turned on or off. For each algorithm, we have selected the optimal set of parameters. The criterium for op-
timal performance was minimizing the average quadratic deviation of the modeled output versus the target
value. Also, where allowed by the algorithm, input variables were decorrelated prior to further processing.

Table 1 shows the values of average quadratic deviation for the modeled output (modeled muon count rate)
versus the target value (measured muon count rate) for different algorithms. First two columns refer to the
training data subset while second two columns refer to the testing data subset. First and third column rep-
resent average quadratic deviation defined as (X(fyyy — fiurge)*)''* (Where fy, and f,  represent modeled
and measured count rates, respectively), while second and fourth columns represent truncated average
quadratic deviation which takes into account 90% of data with least deviation. As previously mentioned, the
criterium for selection of optimal parameters for every algorithm is the minimal value of average quadratic
deviation for the test data subset.

3.2. Algorithm Performance Analysis

All presented multivariate algorithms have no built in knowledge about the studied effect, so in addition to
quantitative test mentioned in the section above, we introduce some qualitative analysis designed to esti-
mate the integrity of modeled data. Prime concern here would be to test whether the suggested procedure
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Table 1
Average Quadratic Deviation for Selected Multivariate Methods
Training Testing

Average deviation Truncated deviation Average deviation Truncated average
Method (counts/5 min) (counts/5 min) (counts/5 min) (counts/5 min)
PDERS 234 185 258 201
KNN 224 177 233 185
LD 286 225 284 223
MLP 228 180 234 186
BDT 219 182 237 188
BDTG 223 174 236 187

Abbreviations: BDT, boosted decision tree; BDTG, gradient boosted decision tree; KNN, k-nearest neighbor; LD, linear
discriminant.

for the correction of barometric and temperature effect (PT correction) removes these meteorological effects
only, while leaving all other features nonperturbed. To this end, we will analyze several distributions of
modeled data, compare them with raw and reference PT corrected data (obtained using the integral meth-
od) and look for possible anomalous features.

First, we will look into structure of distributions of difference between modeled and measured muon count
rate as a function of measured count. We want to make comparison between these distributions in the
training phase (for the test data subset) and after the trained algorithm was applied to the full data set. We
would expect these distributions to be consistent, and appearance of some new structures or strong trends
would point to some perturbation in the application phase. We have selected two examples to illustrate
the difference in consistency of application of trained algorithms—BDTG and PDERS, their distributions
shown in Figure 1.

We can see that distributions for BDTG algorithm for test data subset (Figure 1a) and full data set (Fig-
ure 1b) are fairly similar, and any structures and trends in the test distributions are mostly well replicated in
the full data set distributions (different statistics taken into account). This is the case for most applied algo-
rithms except for PDERS, where some dependence of the count rate, negligible for the test data distribution
(Figure 1c), exists for the full data set distribution (Figure 1d).

Another, more important feature, is that for some algorithms distributions we analyzed in the previous
paragraph are not smooth, but rather display some structures. To get further insight into these structures,
for all featured methods we plotted distributions of modeled muon count rate along with the distribution of
raw count rate on the same graph, as shown in Figure 2.

In order to better understand shapes of distributions and any structures observed in plots in Figure 2, it
would be helpful to compare them to equivalent plots for muon count rates corrected for pressure and
temperature effects using a well-established reference method. However, before we take a look at these
distributions, we will first briefly describe procedures used to obtain reference PT correction.

Temperature and barometric effect are typically corrected for independently, where one of several methods
mentioned in Section 1 is used for temperature correction, and barometric coefficient for pressure cor-
rection is determined empirically. Integral method for correction of temperature effect is widely accepted
as the most accurate one. It is based on the theory of meteorological effects and takes complete atmos-
pheric temperature profile and relevant processes into account. Most thorough description of the theory of
meteorological effects is given by Dorman (2004), where temperature coefficient density function a(h) in
Equation 1 is given in its integral form. In order to be applied, this function is then calculated through inte-
gration, substituting parameters specific to the location of the experiment. Temperature coefficient density
functions for the location of Low Background Laboratory for Nuclear Physics were calculated using Monte
Carlo integration technique. In order to determine barometric coefficient, temperature corrected muon
data were plotted as a function of atmospheric pressure (using entries for 10 geomagnetically quietest days
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Figure 1. Distribution of difference between modeled (regression) and measured (true) muon count rate as a function of measured muon count rate for: (a)
gradient Boosted decision tree (BDTG)—test data set, (b) BDTG—full data set, (c) PDERS—test data set, and (d) PDERS—full data set.

of each month only), coefficient determined via linear regression separately for each calendar year. Both
procedures are presented in greater detail in our previous work (Savic et al., 2016).

Distributions equivalent to ones shown in Figures 1 and 2 were plotted for reference pressure and temper-
ature corrected data, as shown in Figure 3. The analog for the modeled muon count rate is calculated from
the variation due to pressure and temperature effects calculated based on the integral method. It is worth
pointing out that distributions for reference PT corrected data are noticeably less smooth, which can be
mostly attributed to lower statistics used as only hour summed data was available for this correction.

Based on these plots, we can conclude that we should not expect a significant deviation between raw and
corrected data and that corresponding distributions should not have any characteristic structures. Most
plots in Figure 2 are consistent with this expectation, however, some structures can be observed in KNN
plots, and to a degree in BDT plots, while distribution plotted for PDERS algorithm does not have these
structures but appears to somewhat deviate from raw data distribution.

Another insight into performance and consistency of different multivariate algorithms when applied to the
modeling of meteorological parameters can be gathered by the way of spectral analysis of PT corrected data.
Pressure and temperature corrected muon count rate was determined for all selected algorithms using mod-
eled data, as described in Section 3. Since some gaps exist in our muon data, Lomb-Scargle algorithm was
used to obtain the power spectra, as it is less sensitive to uneven data sampling (Press et al., 2007). Figure 4
shows power spectra for raw and muon count rates corrected for pressure and temperature effects using
integral and two illustrative examples of multivariate methods. Full spectrum as well as selected interval
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Figure 2. Comparison between distributions of raw (yellow) and muon count rate modeled by selected multivariate methods (green).

of frequencies around the periodicity of one day are shown, red dashed line indicating significance level of
0.01.

If integral method is again used as a reference, we can see that thus obtained PT correction does not remove
daily variation, but rather makes it more pronounced. This should not come as a surprise, as only smaller
part of the diurnal variation can be attributed to meteorological effects (Quenby & Thambyahpillai, 1960),
while larger part is of nonmeteorological origin. Hence, removing variation due to atmospheric pressure
would make daily variation more prominent. LD, and to a degree BDT/BDTG methods, have an effect on
daily variation similar to the integral method, but for BDT method (bottom right in Figure 4) we observe
emergence of some frequencies with significant power that cannot be associated with any known perio-
dicity of cosmic rays, and probably have artificial origin. Such features are even more pronounced for the
remaining multivariate algorithms, where in addition an over-reduction of power frequency corresponding
to diurnal variation to can be observed. Over-reduction of daily variation coupled with introduction of ar-
tificial variations with significant powers points to possible inadequateness or overtraining of some of the
multivariate methods.

Integral method Integral method

I - 30 250;
15000{— L
- 25 r
5 10000} 200l
5 o I
...g 5000— 20 -
[ - t-
3 - g 1s0|—
(? o m 15 E .
L = = g -
j ol (e o
~5000— 100(—
g = 10 r
~10000f— sl
= 5 L
~15000f— = N

PP PP B I I /I P IR I ° ok z s x10°

600 610 620 630 640 650 660 670 600 610 620 630 640 650 660 670
Count Count

Figure 3. Distribution of difference between muon count rate calculated from the variation due to pressure and temperature effect using integral method and
measured muon count rate as a function of measured muon count rate (left), and comparison between distributions of raw (yellow) and calculated muon count

rate (green) shown on the right.
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the red dashed line.

The effect on annual variation is difficult to determine based on the spectral analysis as period of only one
year is analyzed, but we will introduce some quantitative tests in the next section that will help us with this
estimate.

4. Results

We will use two criteria to estimate the efficiency of newly introduced methods for PT corrections. One will
rely on the effectiveness with which the multivariate algorithms remove the annual variation and reduce
variance, while the other will be based on the effect the correction has on detection sensitivity for aperiodic
events, such as Forbush decreases (Forbush, 1937). In both cases, we will compare the results with the ones
obtained by the integral method.

4.1. Effects of PT Correction on Periodic CR Variations

Significant part of the annual variation of cosmic ray muon flux can be attributed to the variation of atmos-
pheric temperature (Hess, 1940). As mentioned before, the effectiveness with which this effect is corrected
for will affect the detector sensitivity to variations of primary cosmic rays of non-atmospheric origin.

We will examine time series for pressure and temperature corrected data and compare them with raw and
pressure corrected time series, especially taking note of how PT correction affects the annual variation. In
order to estimate this effect, we fit the time series (except for raw data) with sine function with a period of
one year. The amplitude of pressure corrected data determined from such fit will be used as an estimate of
the annual muon flux variation, and serve as a reference against which to compare the effect of PT correc-
tion by different methods. In Figure 5 time series for raw, pressure corrected and pressure and temperature
corrected data are shown. For the sake of simplicity, not all time series for data PT corrected using multivar-
iate algorithms are shown, but rather only characteristic ones. Table 2 shows values for the annual variation
amplitude for pressure and PT corrected time series, as well as possibly more informative reduction of
annual variation calculated relative to the amplitude of the pressure corrected muon flux.

While, time series in Figure 5 for data PT corrected using integral, LD and BDTG methods do not seem
to have some unexpected fluctuations, that is not the case for MLP method, where one can observe some
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Figure 5. Muon count rate time series for the period from June 1, 2010 to May 31, 2011: raw data (top left), pressure corrected data (top right), PT corrected
data using integral method (second row left) and data PT corrected using selected multivariate methods.

Table 2

data that appears to deviate from the mean more significantly than what would be intuitively expected. For
remaining multivariate algorithms this is even more the case. In order to try and quantify this visual com-
parison, we will analyze the effect corrections have on standard deviation of the data. If calculated relative
to the mean muon flux for the whole period, standard deviation would be sensitive to the residual annual
variation. To make standard deviation independent of the seasonal variation, we used a moving ten-day
window to determine the mean value and then calculated the standard deviation relative to it.

Figure 6 shows distributions of relative variation of muon flux in respect to the moving window mean value
for raw data and PT corrected data using integral, LD and MLP methods. It is based on these distributions
that standard deviation was determined and results are presented in Table 3. Comparing standard devia-

Amplitude and Reduction of the Amplitude of Annual Variation Relative
to Pressure Corrected Data (P Corrected) for PT Corrected Data (Using
Integral and Selected Multivariate Methods)

Method Amplitude (%)  Relative reduction (% of P corrected)
P corrected 1.11 £+ 0.09 /

Integral 0.40 = 0.03 64 £6

PDERS 0.09 £ 0.02 92+3

KNN 0.24 + 0.04 795

LD 0.11 £ 0.03 90 + 4

MLP 0.03 £ 0.01 98 £ 2

BDT 0.12 + 0.03 89+4

BDTG 0.086 + 0.009 92+2

Abbreviations: BDT, boosted decision tree; BDTG, gradient boosted
decision tree; KNN, k-nearest neighbor; LD, linear discriminant.

tions for PT corrected muon flux obtained by multivariate methods with
the one obtained by the integral method, we can see that for LD, BDT,
and BDTG algorithms they have comparable values. The difference is
somewhat larger in the case of MLP, which is in accordance with features
observed in Figure 6, while it is significantly larger for the remaining al-
gorithms. This indicates that PT correction performed using KNN and
PDERS (and possibly MLP) algorithms probably introduces some artifi-
cial features into PT corrected muon flux data.

One way to evaluate the effectiveness of different algorithms in reduction
of the seasonal variation even better, would be to compare the PT cor-
rected muon data to pressure corrected time series for selected neutron
monitor detectors. The reasoning is based on a well-known fact that me-
teorological effects on the neutron component of secondary cosmic rays
are dominated by the barometric effect. Temperature effect does exist for
the secondary cosmic ray neutrons, but whether calculated theoretically
(Dorman, 2004) or determined experimentally (Kaminer et al., 1965), it
is still an order of magnitude smaller than for the muon component and
typically not corrected for in neutron monitor data. Based on this, we
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Figure 6. Relative variation of muon count rate calculated in respect to mean count in the ten-day moving window, for raw data (top left), PT corrected using
integral method (top right), and data PT corrected using selected multivariate methods (second row).

believe pressure corrected neutron monitor data to be (in the first approximation) independent from mete-
orological effects, and hence a good reference for the evaluation of effectiveness of different methods for PT
corrections of muon flux data.

For this comparison, we have chosen neutron monitors located in Athens and Rome, as they had the most
consistent operation in the period we use for the analysis. Respective geomagnetic cutoff rigidities for these
neutron monitors are 8.53 and 6.27 GV. Pressure and efficiency corrected relative neutron count rate was
acquired via Neutron Monitor Database (NEST, 2020), presented for the said period in Figure 7. As for the
muon flux data, relative neutron count rate time series were fitted with sinusoidal function, with a period of
one year, to obtain the amplitude used as an estimate of the annual variation. Neutron monitors are more
sensitive to lower energy secondaries than muon detectors so their time series can exhibit larger variations,
which in turn can affect the fitting algorithm. However, in this case the fits seem to be dominantly affected
by the relatively stable period between June and November 2010, hence we believe them to be a reliable
estimate of the seasonal variation amplitude. Thus acquired annual variation amplitude for Rome neutron
monitor is (0.29 & 0.01)%, while for the Athens neutron monitor it is (0.17 & 0.05)%.

Table 3

Standard Deviation of Relative Variation of Muon Count Rate for Raw and Data Corrected for Pressure and Temperature Effect (Using Integral and Selected
Multivariate Methods)

Method Raw Integral PDERS KNN LD MLP BDT BDTG
Relative deviation (%) 1.117 0.592 0.990 0.785 0.533 0.687 0.607 0.551

Abbreviations: BDT, boosted decision tree; BDTG, gradient boosted decision tree; KNN, k-nearest neighbor; LD, linear discriminant.
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Figure 7. Relative neutron count rate time series for the period from June 1, 2010 to May 31, 2011 for Athens (left) and Rome (right) neutron monitors.

Comparing these values with the ones in Table 2, we see that methods KNN, LD, and BDT yield the most
similar results. PDERS and MLP seem to underestimate the annual variation, while the integral method
estimates a somewhat larger value.

Observed overall poor performance of KNN and PDERS algorithms could possibly be explained by the
fact that these algorithms perform best when applied to problems involving strong nonlinear correlations,
and are less efficient when dependencies between variables are dominantly linear (Hoecker et al., 2007).
Additionally, these algorithms typically need a large training sample, so possibly statistics in our analysis
was inadequate. However, artificial neural networks (such as MLP) should in principle be well suited for
multivariate linear regression, and perform better than observed results suggest. Most likely, using minimi-
zation of the average quadratic deviation as a sole criterium for the selection of optimal parameters in the
training phase may lead to overtraining (Montgomery et al., 2006), and additional qualitative criteria (i.e.,
ones introduced here) and more careful parameter control should also be used. BDT and BDTG algorithms
performed reasonably well even though they are not optimized for treatment of linear multivariate prob-
lems, however, spectral analysis indicates a further improvement can be made. Additionally, all algorithms
would probably benefit from a longer data interval of several years being used.

4.2. Effects of PT Correction on Aperiodic CR Variations

As mentioned before, apart from increasing sensitivity of muon detectors to periodic variations of primary
cosmic rays, correcting raw muon flux data for meteorological parameters also affects detector sensitivity to
aperiodic events which occur due to heliospheric modulation of primary cosmic rays. Here, we will analyze
the effect PT correction, performed by application of different multivariate algorithms, has on detection
of Forbush decrease events. We have chosen to concentrate on Forbush decreases as our muon detector is
much less sensitive to other aperiodic events, such as ground level enhancements (GLE).

Forbush decrease (FD) events are typically characterized by their amplitude, so it could be a natural choice
for a parameter to be used as a measure of detection sensitivity. However, another requirement for defini-
tion of sensitivity could be that detected signal significantly deviates from random fluctuations. That is, why
we have decided to use the ratio of the amplitude to the standard deviation of muon flux, or relative am-
plitude, as an estimate of sensitivity to aperiodic events, rather than the actual amplitude. As we primarily
focus on the magnitude of Forbush decreases, when we mention an FD event in the following text it mainly
refers to the decrease phase and not the recovery phase.

To determine the amplitude, we have used a method proposed by Barbashina et al. (2009). The idea is to
make the result independent from different trends leading up to, and following the actual FD. To do this,
two intervals are defined: one i days before the onset of the FD, where ; can have value (l,...,n) days, and the
other p days after the end of the decrease, where p can have value (1,...,m) days. These intervals are then
detrended using fit parameters obtained from linear regression. Mean count is determined for the detrend-
ed time series before the onset of FD for j days (where j = 1....,i), and for the detrended time series during
recovery stage for g days (where ¢ = 1...., p). Thus, in total we obtain n! values for mean detrended count be-
fore the onset of FD, and m! values for mean detrended count for the recovery stage. FD amplitude estimate
is then calculated for each combination of “before” and “after” values according to the following formula:
1)~ 15
Al = % x 100%, 5)

before
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Figure 8. Time series for the interval around Forbush decrease of February 18, 2011: raw muon data (top left), PT corrected muon data using integral (top
right), linear discriminant (center left) and gradient boosted decision tree (center right) methods, and neutron monitor data for Athens (bottom left) and Rome
(bottom right) neutron monitors. Interval leading into (red) and following the Forbush decrease (FD) (green) are highlighted, as well as detrended intervals
used to determine FD amplitude (gray).

where 7, . and [, arerespective values for mean detrended count for intervals before the onset and after
the end of the Forbush decrease. Finally, FD amplitude is calculated as the average of individual Al values,

rms deviation from the mean of the distribution used as an error estimate.

During the one-year period we used for the analysis there was a large number of Forbush events, but most
of them had rather small amplitudes. We have analyzed several, however, here we will focus on the one
with the largest magnitude as the results are most easily interpreted. The event is a Forbush decrease that
occurred on February 18, 2011 in relation to X2.2 solar flare, and according to IZMIRAN space weather da-
tabase (IZMIRAN, 2020) had 10 GV rigidity particle variation magnitude of 5.4. In Figure 8, we have shown
plots that represent procedure described in the previous paragraph, applied to PT corrected datasets using
integral method and selected multivariate algorithms. Procedure is also applied to pressure and efficiency
corrected data for Athens and Rome neutron monitors, raw data also presented for reference. On the plots,
interval leading to the onset of FD is indicated by red dashed lines, while recovery interval after the decrease
is indicated by green dashed lines. We have chosen the lengths of both intervals to be four days (n = m = 4).
Linear fits are represented by solid red and green lines, respectively, while detrended intervals are plotted
using gray lines. Amplitudes and relative amplitudes calculated from the differences of means of detrended
intervals are shown in Table 4.
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Table 4
Amplitudes and Relative Amplitudes for the Forbush Decrease of February 18, 2011 for PT Corrected Muon Data and
Selected Neutron Monitors

Method/NM monitor Integral LD BDTG Athens Rome
FD amplitude (%) 1.38 £ 0.14 1.96 + 0.18 1.10 £ 0.13 1.97 £ 0.15 2.68 + 0.15
Relative FD amplitude 4.31+£0.44 7.09 = 0.65 4.78 + 0.56 5.30 £ 0.40 8.65 £ 0.48

Abbreviations: BDTG, gradient boosted decision tree; FD, Forbush decrease; LD, linear discriminant.

We see that relative amplitudes for this Forbush decrease, calculated based on data corrected for pressure
and temperature using LD and BDTG algorithms, have sensitivity that is comparable or better than the
sensitivity of integral method, even approaching the sensitivity of reference neutron monitors in the case of
LD algorithm. However, when LD algorithm is concerned, such result can be at least in part explained by
the fact that the calculated absolute FD amplitude is larger than expected for a muon detector. We would
expect this value to be comparable to the value calculated based on the integral method. The reason for this
discrepancy could be systematic, but also could be somewhat related to features of the studied FD event.
Ideally, we should extend this analysis to more events, but selected time period was relatively calm in terms
of solar activity, and February 2011 event was the only significant one with magnitude for 10 GV rigidity
particles larger than five. Preliminary analysis done on Forbush decrease events of larger magnitude, that
are outside the period used for analysis in this work, does show somewhat smaller effect for LD method, so
that could be one of the focuses in the continuation of this work. We have excluded plots for the remaining
multivariate algorithms as the results were either poorer (in the case of BDT and MLP) or inconsistent (in
the case of PDERS and KNN).

5. Conclusions

We have selected a number of multivariate algorithms included in the TMVA package to apply for the cor-
rection of barometric and temperature effect on cosmic ray muons. Optimal parameters were determined
for each algorithm based on the average quadratic deviation of modeled from measured data. Different
distributions of modeled data for training phase and after the application of trained methods were com-
pared to estimate the performance of selected algorithms. Pressure and temperature correction was done
and spectral analysis performed to further test the algorithm consistency. The effect of the correction was
analyzed for long-term (annual) and short-term (Forbush decrease) cosmic ray variations. In both cases,
the efficiency of multivariate algorithms was compared to integral method and pressure corrected neutron
monitor data.

Multidimensional probability density estimator algorithms (PDERS and KNN) appear not to be well suited
for the modeling of pressure and temperature effect, most likely due to highly linear correlations between
variables. MLP seems to have underperformed, while methods based on boosted decision trees (particu-
larly BDTG) proved to be more successful, especially when effect on aperiodic variations was concerned.
It should be expected that both MLP and BDT(G) methods can be improved if a longer period is used for
analysis and parameters beyond average quadratic deviation of modeled data are used for algorithm op-
timization during training phase. Out of presented algorithms, LD proved to be the most consistent and
effective in removing the pressure and temperature effects. In terms of the effect of PT correction on annual
and aperiodic variations, this method matched or outperformed the integral method, while the effect it had
on aperiodic effects was somewhat overestimative. This could give us grounds to assume at least part of the
temperature effect is not taken into account by the integral method, and that there could be room for further
improvement in modeling of meteorological effects beyond what theory currently provides.

Data Availability Statement

Raw muon count rate data set used in this study are publicly available online on the Belgrade Cosmic Ray
Station site (http://www.cosmic.ipb.ac.rs/). Modeled atmospheric temperature data are available online on
the NOAA GFS page (https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-
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system-gfs). Latest atmospheric pressure and ground temperature data are available online on the site of
Republic Hydro-meteorological Service of Serbia (http://www.hidmet.gov.rs/). List of international geo-
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INTRODUCTION

“Radonﬁsludics In the Institute of Physice Ralorada e
ThC-‘ 11!"3-1 pl“O‘]CCl ‘re]alcd (O radon Was \Uill‘k'ﬁhlllt' FOo1 t'“m'“ ‘; ;I‘,;; hoty
\';111;11?1111}? in soil and water and seismic activity 1n \Iumsuw;.;
that, in the Low-Background Laboratory for Nuclear Physics. Institute of
Physics Belgrade, the new research topics of rare nuclear pr(mw“w was in the
scientific focus. There was the need to build up the laboratory space to
accomplish this type of research. In the 1997. underground low -f;;_n;kumumi
laboratory was built in, with the aim of investigating the rare nuclear
processes. In the laboratory of this type, the influence of radon on the natural
background radioactivity 1s dominant and there is an imperative that radon
levels must be as low as it possible, with mimimal time vanation. In that
sense, continuous radon monitoring became the mandatory activity. 1his
paper presents the results of many years of radon monitoring mn the
underground low-background laboratory in the [nstitute of Physics Belgrade.

Besides radon monitoring in the laboratory, we work on se\ eral
research topics regarding radon: using multiv.z,iriflte .Classification d-nd_
regression methods, as developed for data analysis in high-energy ‘p‘h}slci
and implemented in the TMVA software package, 1O study connection UE
climate variables and variations of radon concentration, modelling of the

. : earch activities are
indoor radon behaviour and radon mapping. All these research activities aIe
presented in this work 1n more details.

RADON MONITORING IN THE
BACKGROUND LABORATORY
The Low-Background Laboratol
of Physics in Belgrade 18 a shallow undel
]aboraIOFy was built in the loamy In.css ¢l 2
with the overburden of 12 m of goil. It has an

Physics at the Institute
atory (Figure 1). The
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The walls, the floor and the ceiling of the laboratory are built of reinforced
concrete of 30 cm thickness. From the measurements of the absolute flux of
cosmic-ray muons in the underground as well as in the ground 16V§1
laboratory [2] 1t was estimated that the equivalent depth of the laboratory is
about 25 m.w.e. (a shielding thickn'ests of the overburden 50.11 expressed as
water equivalent thickness). Description of the laboratory 1s presented in

more detail elsewhere [3].
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Figure 1. Cross-section of the underground low-background laboratory at the
Institute of Physics Belgrade.

WA

The system for the reduction of radon concentration in the laboratory
consists of three stages. First, the active area of the laboratory is completely
lined up with aluminium foil of 1 mm thickness, which is hermetically
sealed with a silicon sealant to minimize the diffusion of radon from
surrounding soil and concrete used for construction. The second one is the
ventilation system. The laboratory 1s continuously ventilated with fresh air,
filtered through one rough filter for dust elimination followed by the battery
of coarse and fine charcoal active filters. The inlet of air is outside of the
laboratory, at the height of 2.5 m above the ground. Finally, the parameters
of the ventilation system are adjusted so as to result in an overpressure of
about 2 mbar over the atmospheric pressure, which further prevents radon
diffusion through eventual imperfections in the aluminium layer.

The device for the performed short-term radon measurements is
SN1029 radon monitor (manufactured by the Sun Nuclear Corporation,
NRSB approval code 31822) with the following characteristics: the

Measurement range from 1 Bq m™ to 99.99 kBq m™, accuracy equal to £25
70, sensitivity of 0.!6 counts hour per Bq m™. With these characteristics,
SN1029 radon monitor is defined as a high-sensitivity passive instrument
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S and it i |
It 1s an optimal solution for

of continuos measurements with daily and
been shown that the :
I nln |
B Belprade ;Ilcailon hbehc.wl.our In the underground low-level
N e — S the similar characteristics as in the other
B e source ;n}tl (caves, mines, boreholes and so on), because it
and the places are completely surrounded with the s-oil

S€sonal variability [5]. It has

MVA METH
BEHAVIOURODS AND MODELLING OF THE INDOOR RADON
energ;‘hpeh}c]lseilglsar;ceiSlt;(l)tl‘e:iie:[alleqdanalyse§ of large amount of data in high-
B hods Mln wide and. Intense development and usage of
| e : .any of multlvar:late methgds and algorithms for
regression are already integrated into the analysis frame
work ROOT, more specifically, into the toolkit for multivariate analysis
(TMVA). We use these multivariate methods to create, test and apply all
available classifiers and regression methods implemented in the 1 MVA In
order to find the method that would be the most appropriate and yield
maximum information on the dependence of indoor radon concentrations on
the multitude of climate variables. The first step 1s to calculate and rank the
correlation coefficients between all the variables involved, what will help 1n
setting up and testing the framework for running the various multivariate
methods contained in the TMVA. Although these correlation rankings will
later be superseded by method specitic variable rankings, they are useful at
the beginning of the analysis. The next step 1S tO US
multivariate methods in order to find oul which one is best suited for
classification (division) of radon concentrations into what would  be
considered acceptable and what would be considered  increased

concentration in indoor spaces. Main aim is to find out which method can, 11
| . ate variables only, gIve all output that would

satisfactorily close match the observe
Towards this aim, this work WeI
(underground low-background laboratory
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comprise the multitude of possible representative situations that occur in

real life. . |
The test of multivariate methods, implemented in the TMVA software

package, applied to the analysis of the radon concentration variations
connection with climate variables in different indoor spaces demonstrate
the potential usefulness of these methods. It appears thaF t}:le method can be
used with sufficient accuracy (around 15 %) for prediction of the radon
concentrations. All the obtained results were published 1n several research

articles [6-8].

RADON MAPPING IN SERBIA

In the last three years, we were involved in the establishing national
radon action plan (RAP) and performed first national indoor radon survey as
a leading 1nstitution in the technical support of the project. The
responsibility for the establishment and implementation of RAP is on
national regulatory body: Serbian Radiation Protection and Nuclear Safety
Agency (SRPNA). As a first step in RAP, it was the national indoor radon
survey 1n Serbia performed during 2015-2016. The project was supported
by IAEA through the national project: SRB9003 - Enhancing the Regulatory
Infrastructure and Legislative System, with two components:
- Expert mission on ,,National Radon Trial Survey and Raising Awareness

of Key Stakeholders,, held in SRPNA, Belgrade, 2 - 4 February 2015.

- Equipment: Leasing of 6000 track-etched indoor radon detectors; the

distribution of detectors across the Serbian territory was  the
responsibility of SRPNA.

Also, during the realization of the national programme for indoor
radon measurements, Institute of Physics Belgrade and other research

Institutions involved in the project together with the SRPNA, performed
good communication Strategy (first basic information leaflet on radon to
accompany the measurement explaining the purpose of the measurement.
Internet site, public relation, public education...) which led to high survey
efficiency (about 90 P), together with very hard field work. In total 6000
detectors have been distributed during October 2015 and exposed 1n houses
and apartments for six months (ull April 2016). Afterwards, the detectors
were collected and sent to an authorized laboratory (Landauer Nordic AB)
to be processed and consequently, we got data for the first national indoor
radon survey. The preliminary results and radon map was presented at the

3th Conference of Protection against Radon at Home and at Work, 12 - 14
September 2016, Prague, Czech Republic [9].
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Institute of Physics Belgrade has a long tradition in the radon
research. In the 1997, underground low-background laboratory was built in,
with the aim of investigating the rare nuclear processes. The experiments
and routine measurements in the underground low-background laboratory
require low levels of radon concentration with minimum temporal
variations. From the beginning, continuous monitoring of radon
concentration is being carried out. Radon monitoring in the underground
laboratory is done with the passive and active devices. Besides radon

IMVA software package, to study connection of climate variables and
variations of radon concentrations, modelling of the indoor radon behaviour

and radon mapping. In the last three years, we were involved in the
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Correlative, multivariate and periodicity analysis of the variations of low
radon concentrations in an shallow underground laboratory

Dimitrije Maletic 1*, Vladimir Udovicic 1, Radomir Banjanac 1, Dejan Jokov-
icl, Mihailo Savicl, Nikola Veselinovicl, Jelena Zivanovicl, Aleksandar
Dragicl

Institute of Physics, University of Belgrade

The results of correlative, multivariate and periodicity analysis of the vari-
ation of low radon concentrations in shallow underground laboratory,
in the Institute of Physics Belgrade, is presented and discussed. Correl-
ative and periodicity analysis results show possible connection of envi-
ronmental variables with radon concentration. Multivariate classification
and regression methods are used to study the connection of climate
variables and the variation of radon concentrations. Resulting ‘mapped’
functional behaviour of radon concentrations on input variables can be
used as a good tool for further study of radon concentration connection
with independent variables or group of strongly correlated variables. The
result presented in this paper suggest the usefulness of multivariate meth-
od analysis as a helping tool for prediction of radon concentrations and
a tool for checking the model of radon concentration in shallow under-
ground laboratory and underground spaces with ventilation.

P3

Development of protocol for radon measurements in multi-storey build-
ings in Russia

Aleksey Vasilyev*, Georgy Malinovsky, Alexandra Onishchenko

Institute of Industfrial Ecology, Ekaterinburg, Russia

Radon is one of the most important indoor pollutant, which is the sec-
ond cause of lung cancer next to smoking. To investigate the relationship
between radon and lung cancer it is necessary to assess indoor radon
concentration. Multi-storey block buildings represent the main type of
dwellings in urban cities of Russia. Despite the existing radon measure-
ments protocols being reasonable for single-family houses, short-term
measurements in multi-storey buildings are still an open question (num-
ber of measurements, number of floors to study, efc.) Radon concenftra-
tfions on different floors in multi-storey building are unpredictable even
if we know the radon entry and dilution rates.Main physical quantities,
affecting indoor radon concentrations in multi-storey energy-efficient
buildings in Ekaterinburg, Russia, were studied and related multi-cham-
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RADON VARIABILITY DUE TO FLOOR LEVEL IN THE TWO TYPICAL
RESIDENTIAL BUILDINGS IN SERBIA
Vladimir Udovi¢ié¢ !, Nikola Veselinovic!, Dimitrije Maletic', Radomir Banjanac!,

Aleksandar Dragic!, Dejan Jokovic!, Mihailo Savic!, David Knezevic!, Maja Eremic
Savkovic?

1Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia
2Serbian Radiation and Nuclear Safety and Security Directorate, Belgrade, Serbia

E-mail: udovicic@ipb.ac.rs

It is well known that one of the factors that influences the indoor radon variability is the floor
level of the buildings. Considering the fact that the main source of indoor radon is radon in soil
gas, it is expected that the radon concentration decreases at higher floors. Thus, at higher floors
the dominant source of radon is originating from building materials and in some cases there may
be deviations from the generally established regularity. On the other hand, the radon variability
due to floor level, especially in big cities with a much higher number of high-rise buildings and
population density compared with rural environments, may have an impact on the assessments of
collective dose from radon.

According to the national typology [1], there are six types of residential buildings in Serbia;
two for family housing: Freestanding single-family house and single-family house in a row, and
four for multi-family housing: Freestanding residential building, residential building - lamela
(apartment block with repeated multiple — lamellar — cores and separate entrances), residential
building in a row and high-rise residential building. Distribution of buildings by type at national
level shows that 97.23% of all residential buildings are family housing. Also, for all defined
types of buildings number of floors ranges from one to eight above the ground level.
Freestanding family houses are mostly ground floor (37%) or ground floor with loft in use
(26%), while there is a very low representation of houses that have more than two floors (5%),
with average height of family buildings of 1.4. In that sense, we chose one freestanding single-
family house with loft with well-known radon characteristics [2] and one sixteenth floor high-
rise residential building for this study.

The indoor radon measurements are performed with two active devices. One was fixed in the
living room at the ground level and the second one was moved through the floors of the
residential building. Every measuring cycle at the specified floor lasted seven days with
the sampling time of the two hours. In this work, the analysis of the obtained results is shown in
details.
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SADRZAJ

Usled uticaja velikog broja parametara, ponasanje radona u zatvorenim prostorijama
ima slozenu dinamiku. Na osnovu merenja koncentracije radona, izdvajaju se dve
periodicnosti, dnevna i sezonska. U ovom radu su prikazani rezultati merenja koncen-
tracije radona u jednoj tipicnoj porodicnoj kuci u Srbiji, u toku tri sukcesivne godine u
februaru i julu svake godine. Koris¢ene su sledece tehnike merenja radona: aktivna i
metoda ugljenih kanistara. Takode su prikazani rezultati ovih interkomparativnih
merenja.

1. UVOD

Istrazivanje dinamike radona i primena mera za njegovo smanjenje u razliCitim
sredinama, naroCito u zatvorenim prostorijama, ima veliki znacaj u smislu zastite od
jonizuju¢ih zracenja. Objavljeni rezultati i razvoj mnogih modela kojima se opisuje
ponasanje radona ukazuju na sloZenost ovog istrazivanja, posebno sa modelima za
predvidanje varijabilnosti radona [1-3]. To je zato Sto varijabilnost radona zavisi od
velikog broja faktora kao Sto su geologija, propustljivost zemljista, gradevinski materijali
koji se koriste za izgradnju kuca i zgrada, stanje unutrasnje atmosfere (temperatura,
pritisak i relativna vlaznost), koncentracija aerosola, brzina razmene izmedu unutrasnjeg
i spoljasnjeg vazduha, kao i zivotnih navika ljudi. Poznato je da wvarijabilnost
koncentracije radona ima dve glavne periodi¢nosti i to od jednog dana i jedne godine.
Takode je poznato da postoji sezonska varijacija koncentracije radona. To je razlog zasto
je posebno zanimljivo istraziti varijaciju radona na istom mernom mestu, iz godine u
godinu, zbog procene individualne godisSnje doze od izlaganja radonu. U tom smislu,
pratili smo dugoro¢ne varijacije koncentracije radona u jednoj tipicnoj porodicnoj kuéi u
Srbiji. Merenja su obavljena tokom 2014., 2015. 1 2016. godine, u februaru i julu, svake
godine. Koristili smo slede¢e merne tehnike: aktivna i metoda koriS¢enja ugljenih
kanistara. Detaljna analiza dobijenih rezultata je prikazana u ovom radu.

2. METODE MERENJA RADONA

Vremenske serije merenih koncentracija radona, temperature i relativne vlaznosti u
ispitivanoj ku¢i dobijene su pomocu uredaja SN1029 (proizvodata Sun Nuclear
Corporation). To je merni uredaj jednostavne konstrukcije i primene u praksi. U sustini,
radi se o brojacu sa dodatkom senzora za merenje meteoroloskih parametara. Nedostatak
uredaja je nemoguénost merenja koncentracije radona u zemljistu i vodi. Operater moze
podesiti vremenske sekvence od 0,5 sati do 24 sati. Jedan ciklus merenja moze trajati
1000 sati ili ukupno 720 vremenskih sekvenci (broj sukcesivnih merenja, odnosno ta¢aka
u vremenskoj seriji). Uredaj je bio podeSen da radi u vremenskoj sekvenci od 2 sata.
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Simultano su mereni temperatura, vazdusni pritisak i vlaznost. U saradnji sa kolegama iz
Laboratorije za ispitivanje radioaktivnosti uzoraka i doze jonizujuceg i nejonizujuéeg
zracenja, PMF, Novi Sad uradena su interkomparativna merenja, koriS¢enjem standardne
skrining metode za merenje koncentracije radona pomocu adsorpcije na aktivnom uglju
prema US EPA protokolu 520/5-87-005 [4], tokom februara 2014., 2015. 1 2016. godine.
Porodi¢na kuéa izabrana za merenja i analize varijacije radona je tipi¢na ku¢a u Beogradu
(slika 1).

Slika 1. Porodi¢na ku¢a u kojoj su vr§ena merenja

KarakteristiCan je stil gradnje u kome se kuéa gradi viSe godina uz konstantno
dogradivanje i nadogradnju, Sto potencijalno moze biti izvor ulaska radona u takve
kuée. Kuca ima podrum 1 izgradena je od standardnih materijala (cigla-blok, beton,
malter). Na kraju je uradena i izolacija koriS¢enjem stiropora debljine 5 cm. Merenja
radona su izvrSena u dnevnoj sobi porodi¢ne kuée. Tokom perioda merenja (zima-leto
2014, 2015. 1 2016), kuca je prirodno ventilirana i koriS¢en je klima uredaj u oba
reZima, grejanja 1 hladenja. Tokom zimskog perioda merenja pored klima uredaja,
koriS¢éena je termoakumulaciona pec¢ i uljani radijatori. Izmerene koncentracije radona,
sobna temperatura (T) i relativna vlaznost unutar kuce su dobijeni koriS¢enjem radon
monitora.

3. REZULTATI

Merenja su obavljena tokom februara i jula 2014., 2015. 1 2016. koriste¢i radon monitor
1 metode pomocu adsorpcije na aktivnom uglju. Rezultati su prikazani u tabeli 1.
Uocena je izrazita sezonska varijacija radona, pri ¢emu je koncentracija radona u
zimskom periodu za red veli¢ine veca nego u letnjem periodu. Rezultati merenja radona
pomocu dve razli¢ite metode su u dobroj saglasnosti.
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Tabela 1. Rezultati merenja radona, temperature i vlaZznosti vazduha tokom
februara i jula 2014.,2015. i 2016.

2014. 2015. 2016.
Februar Juli Februar Juli Februar Juli
Minimum [Bqm™] 15 0 28 0 12 3
Maximum [Bqm™] | 1000 286 915 88 1013 262
Mediana [Bqm™] 418 25 524 22 412 28
AM(SD) [Bqm™] | 402(216) | 40(41) | 508(207) | 27(18) | 423(214) | 39(32)
Temperatura [°C] | 20.4(0,8) | 24,7(0,9) | 21,2(0,6) | 24.9(0,8) | 22,3(0.,6) | 24,6(0,8)
Vlaznost [%] 67.4(5.7) | 67.8(4,8) | 68.2(4.8) | 51,5(4,7) | 64,0(6.4) | 58.9(7.5)
Ugljeni kanister |, / 518(6) / 407(5) /
[Bqm™]

4. ZAKLJUCAK

U ovom radu, pracena je varijabilnost radona u dnevnoj sobi jedne porodi¢ne kuce u
Beogradu tokom dva izabrana meseca u godini (februar i juli), i to tri godine za redom,
2014., 2015. 1 2016. Rezultati pokazuju izrazitu sezonsku varijaciju, s tim $to nivoi
radona za iste mesece u godini pokazuju relativnu reproducibilnost. Male varijacije su
uslovljene, pre svega varijacijama meteo parametara. Takode, interkomparativna
merenja radona dvema razli¢itim metodama pokazuju dobru saglasnost.
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ABSTRACT

Due to the impact of a large number of parameters, the behavior of radon indoors has
complex dynamics. Radon time-series analysis, based on the short-term indoor radon
measurements performed worldwide, shows two main periodicity: daily and seasonal.
This paper presents the results of the indoor radon measurements in a typical family
house in Serbia, during three successive years in February and July each year. The
following techniques were used for radon measurements: active and charcoal canister
methods. It also presents the results of these intercomparison measurements.
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SADRZAJ

Geogeni radonski potencijal koji izdvaja radon u podzemnim slojevima kao dominantan
uzrok akumulacije radona u zatvorenim prostorijama i koji je nezavisan od ljudskog
uticaja i vremenski konstantan u geoloskim okvirima predstavilja glavni alat za
iznalazenje radonom ugrozenih podrucja. U nedostatku podataka za permeabilnost
zemljista za radon i malog broja merenja radona u zemljistu, upotrebljena je
multivarijantna analiza velikog broja raspolozivih geohemijskih podataka, merenja
radioaktivnosti zemljista i koncentracija aktivnosti radona u zatvorenim prostorijama
datih lokacija na podrucju Vojvodine. Nekoliko uporedivih metoda iz ROOT okvira za
analize softverskog paketa TMVA je koris¢eno za analizu zavisnosti koncentracije
radona u zatvorenom od mnostva ulaznih varijabli. BDTG kao najpodobnija metoda je
pokazala da su varijable sa najvecim uticajem na koncentraciju radona u zatvorenim
prostorijama pored sadrzaja ukupnog azota, koncentracije aktivnosti radionuklida u
zemljistu na profilu dubine od 30 cm i sadrzaj humusa i gline. Dobijeni rezultati
pokazuju dobro slaganje sa nedavnim ispitivanjem emanacije radona iz zemljista na
podrucju grada Novog Sada.

1. UVOD

Poznato je da radon i njegovi kratkoziveci potomci daju najveéi doprinos efektivnoj
dozi koju stanovniStvo primi od jonizujuuh zracenja [1]. Nedavna epidemioloska
istrazivanja pokazala su da rizik od radona postoji i pri koncentracijama za koje se
ranije smatralo da su zanemarive. U svim evropskim zemljama se sprovode mapiranja
radona, a rezultati se sumiraju u publikaciji zajednickog istrazivackog centra Europske
komisije (JRC EC) koji koordinira projekt izrade evropskog atlasa prirodne
Clanstvo) prema direktivi EU [2] moraju propisati referentne nivoe radona u boravisnim
i radnim prostorijama i identifikovati podrucja sa visokim radonskim potencijalom.
Postoje dva koncepta u definiciji radonskog potencijala: prema broju objekata sa
koncentracijama radona iznad referentnog nivoa — indoor radon potential IRP i prema
lokalnim geofizickim parametrima kao Sto su koncentracija radona u zemljistu i
permeabilnost zemljista (geogeni radonski potencijal GRP). Na koncentraciju radona u
boravisnim i1 radnim prostorijama utiCe mnogo faktora koji se mogu podeliti na
privremene koji zavise od antropogenog uticaja ili trenutnih uslova (kao §to su Zivotne
navike, nac¢in gradnje, gradevinski materijal, meteorolosi uslovi) i trajne koje zavise od
geofizickih parametara (kao S$to su raspored stena u tlu, sadrzaj uranijuma i radijuma u
zemljiS§tu 1 stenama, permeabilnost zemljiSta za radon, granulacija i hemijske
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karakteristike zemljiSta). Radon dominanto poti¢e od povisene koncentracije radijuma i
uranijuma u stenama koje se nalaze duboko ispod tla i zbog toga §to je radon inertan gas
lako napusta mesto formiranja i difunduje kroz debele slojeve zemljista usled gradijenta
u koncentraciji i pritisku.

Slika 1. Kompleksni uticaji na radon u zatvorenim prostorijama i geogeni radonski
potencijal [4]

Geogeni radonski potencijal (GRP) odredenog podruc¢ja se moze odrediti na osnovu
koncentracije radona u zemljistu i permeabilnosti zemljiSta na osnovu slede¢e empirijske
formule [5]:
Cc

GRP = -log10k-10 (1)
gde je C koncentracija radona [Bq/m’] u zemlji$tu i k permeabilnost zemljista [m*].Ovako
odredeni geogeni radonski potencijal se uporeduje sa kartama geomorfoloskih jedinica
datog podrucja, kartama koncentracije uranijuma i radijuma u zemljiStu i pedoloskim
kartama u cilju identifikacije radonom ugrozenih podru¢ja.U nedostatku merenja
koncentracije radona u zemljiStu, kao i zbog nemoguénosti da se meri permeabilnost
zemljiSta za radon, nasi prvi pokusSaji da se proceni GRP na osnovu postoje¢ih baza
podataka su bili da se detaljno analiziraju korelacije izmedu dostupnih geohemijskih
podataka i merenja koncentracije radona u zatvorenim prostorijama kako bi se predvidela
radonom ugrozena podrucja i validovale geogene prognoze. U tu svrhu primenjeni su
multivarijjantnimetodi, razvijeni u CERN-u za analizu velikog broja dogadaja u
eksperimentalnoj fizici visokih energija, kako bi se ispitale sve moguce korelacije izmedu
velikog broja sistematskih ispitivanja koncentracija radona u zatvorenom na podrucju
Vojvodine u periodu od 2002-2005. godine koje je sprovela Laboratorija za ispitivanje
radioaktivnosti uzoraka i doze jonizujuceg i nejonizujuéeg zracenja, PMF-a u Novom
Sadu. [6]. Za vojvodansko zemljiSte postoji bogata sistematika merenja radioaktivnosti i
geohemijskih karakteristika nastala upravo u tom periodu (2001-2010) u saradnji
laboratorije u Novom Sadu sa Institutom za ratarstvo i povrtarstvo iz Novog Sada. Izbor
lokaliteta za poredenje vrednosti je bio po kriterijumima zastupljenosti povrSina
podpojedinim geomorfoloskim celinama [7] i pojedinim tipovima zemljista [8-9].

Institut za fiziku u Beogradu je primenio sve dostupne regresione metode implementirane
u TMVA (Toolkit for Multivariate analysis) [10] da bi odredio i rangirao korelacione
koeficijente u cilju iznalazenja najpogodnijeg metoda koji ¢e dati najbolje korelacije
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koncentracija radona od mnoStva ulaznih parametara. Da bi ova multivarijantna
klasifikacija bila moguca set ulaznih dogadaja je morao biti podeljen na one koji
odgovaraju signalu (povisene koncentracije radona) i one koje odgovaraju fonu (ispod
granice od 120 Bg/m’ koja daje najbolje razdvajanje rezultata) (slika 3). Metoda
multivarijantne regresije, medutim, ne zahteva ovakvo preliminarno razdvajanje
podataka i zbog toga je opstijeg karaktera.

2. METODOLOGIJA UZORKOVANJA I MERENJA

Merenje koncentracije radona u zatvorenim prostorijama je sprovedeno metodom trag
detektora tipa CR39 koji su u zatvorenoj difuzionoj komori bili izlagani na oko 3000
lokacija u Vojvodini u prizemnim prostorijama u trajanju od 90 dana u zimskim
mesecima: decembar, januar i februar u periodu od 2002-2005.Nagrizanje i oCitavanje
tragova je izvrSeno kod proizvodaca opreme Radosys Company, Madarska. Za ovu
studiju izraCunate su srednje vrednosti koncentracija radona za mesta u neposrednoj
blizini lokaliteta uzorkovanja zemljista. Tipovi zemljista kojim pripadaju ispitivani uzorci
su: ¢ernozem, humoglej, fluvisol, pseudoglej, solonjec, kambisol, soloncak 1 arenosol, po
TUSS klasifikaciji [9].Sa svake odabrane lokacije uzeto je 10 mikro uzoraka zemljista sa
povrsine od 10 x 10 m, a zatim napravljen jedan kompozitni uzorak mesanjem. Za ispi-
tivanje radioaktivnosti uzorci zemljista su uzeti sa dve dubine: iz povrsinskog sloja (0—10
cm) 1 sa dubine do 30 cm agrohemijskom sondom. Hemijske analize zemljiSta su izvrSene
samo na uzorcima sa dubine od 30 cm.Uzorci zemljiSta su suSeni na 105°C do konstantne
mase, usitnjeni, homogenizovani i mereniu cilindricnim posudama na kapi detektora.
Koncentracije aktivnosti radionuklida gama emitera u zemljiStu odredene su metodom
niskofonske gama spektrometrije na dva HPGe detektora visoke rezolucije u pasivnoj
zaStiti. Za prikupljane 1 analizu gama spektara koriS¢en je softver Genie 2000.
pH-vrednost odredena je u suspenziji zemljista sa vodom (10 g: 25 cm’) i suspenziji
zemljiSta sa kalijum hloridom, potenciometrijski, pH metar PHM62 standard-
Radiometar Copenhagen. Sadrzaj humusa odreden je metodom Tjurin-a; ukupan sadrzaj
azota po Kjldahlu na sistemu za digestiju i titraciju Tacator; lakopristupacni fosfor i
lakopristupacni kalijum (ekstrakcijom sa amonijum laktatom) - AL metodom. Za odre-
divanje mehanickog sastava zemljiSta koriS¢ene su metode: frakcionisanje pomocu serije
sita 1 pipet metoda. U cilju ostvarivanja peptizacije mehanickih elemenata uzorci zem-
ljista se tretiraju natrijum-pirofosfatom. Na osnovu veli¢ine Cestica prema IUSS klasi-
fikaciji mogu se odrediti sledece frakcije: krupan pesak (0,2-2 mm), sitan pesak
(0,02—0,2 mm), fini prah (0,002-0,02 mm) i glina (<0,002 mm) [9].

3. REZULTATI I DISKUSIJA

U tabeli 1. prikazani su linearni korelacioni koeficijenti koji nam ukazuju na veli¢inu
korelacije izmedu ulaznih veli¢ina i koncentracije radona. Moze se uociti da radon
najbolje korelira sa radionuklidima na dubini od 30 cm.

Za primenu multivarijantnih metoda, ispitivani uzorak mora da ima znacajnu statistiku.
Posto to nije bilo zadovoljeno, vestacki se povecao uzorak dupliranjem svih vrednosti, ali
uz modifikaciju mnoZenjem inicijalnih vrednosti ulaznih parametara i koncentracija
radona sa 1+sluc¢ajne Gausove vrednosti sa sigma 1/10.
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Tabela 1. Korelacioni koeficijenti izmedu radona i ulaznih parametara

Redni br. Parametar Korelacioni koeficijenat
1 Elevation +0,11
2 pH 0
3 CaCOs -0,03
4 Humus +0,15
5 Ukupan N +0,13
6 P,0s -0,01
7 K,0 +0,01
8 Krupan pesak -0,08
9 Sitan pesak -0,19

10 Prah +0,16
11 Glina +0,17
12 Ra-226 30cm +0,27
13 U-238 30cm +0,17
14 Th-232 30cm +0,22
15 K-40 30cm +0,10
16 U-238 povrSina -0,17
17 Ra-226 povrsina +0,04
18 Th-232 povrSina 0

19 K-40 povrs$ina +0,02
20 Cs-137 povrsina -0,17

Ulazni parametri (karakteristike zemljista 1 sadrzaj radionuklida na povrSini i na dubini
od 30 cm) su kori$¢eni za testiranje i evaluaciju 12 multivarijantnih metoda koje postoje u
okviru TMVA. Najbolji metod je onaj koji zadrzava maksimalnu vrednost odbacivanja
fona pri najvecoj efikasnosti signala (slika 2). Na osnovu takvog kriterijuma kao metoda
koja najefikasnije klasifikuje ulazne dogadaje, odabrana je metoda BDT (Boosted
Decision Trees method). Ovo se moze ilustrovati na slici 3. koja prikazuje raspodelu
izlaznih veli¢ina BDT klasifikacione metode za ulazne signale i fonske dogadaje. Drugi
najbolji izbor je primena ANN Multilayer Perceptrons metode (MLP).
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Slika 2. Efikasnost odsecanja i optimalna vrednost odsecanja za BDT (levo) i MLP
(desno) multivarijantnih metoda za radonske koncentracije
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Tabela 2. Rezultati evaluacije metoda rangirani po najboljoj efikasnosti signali i
¢istoci povrsine. @B je deo fonskih dogadaja koji su klasifikovani kao dogadaji

signala
Efikasnost signala prema efikasnosti fona snada;
MVA (greska): J
metoda podela
@B=0,01 | @B=0,10 | @B=0,30 | ROC-integ
BDT 0,212(16) | 0,814(16) | 0,959(08) 0,932 0,609 1,614
BDTG 0,243(17) | 0,767(17) | 0,966(07) 0,927 0,611 1,676
MLPBNN 0,224(17 | 0,754(17) | 0,957(08) 0,922 0,600 1,579
MLP 0,228(17) | 0,728(18) | 0,955(08) 0,919 0,577 1,540
SVM 0,211(16) | 0,797(16) | 0,938(09) 0,918 0,587 1,611
RuleFit 0,162(15) | 0,671(19) | 0,906(12) 0,891 0,482 1,263
LikelihoodPCA | 0,000(00) | 0,491(20) | 0,845(14) 0,843 0,404 1,099
LD 0,047(08) | 0,348(19) | 0,744(18) 0,789 0,271 0,806
Likelihood | 0,031(07) | 0,328(19) | 0,674(19) 0,764 0,208 0,589
FDA GA 0,031(07) | 0,147(14) | 0,363(19) 0,611 0,093 0,353
x ‘ 5 mESHE T T )
% L % o5 ””'] Background
A= = 20f _
A SN~ S R -
04 03 02 01 0 01 02 03 0 02 04 06 08 1
BDT response MLP response

Slika 3. Raspodela izlaznih vrednosti BDT i ANN MLP klasifikacionih metoda
za ulazni signal i fonske dogadaje

Rangiranje BDTG ulaznih varijabli (tabela 3) je izvedena brojanjem koliko Cesto se
varijable koriste pri donoSenju odluka u svakom ¢voristu stabla, pri ¢emu je ova vrednost
otezana brojem podela i brojem dogadaja u ¢voru. Kao $to se vidi iz tabele 3, pored
ukupnog azota, najvaznije varijable za koncentracije radona u zatvorenim prostorijama su
koncentracije radionuklida na 30cm dubine.

Najbolji regresioni metodi koji daju izlazne veli¢ine najpribliznije stvarnim vrednostima
koncentracije radona su ponovo BDT, a kao druga MLP, isto kao i u slucaju
multivarijantnog klasifikatora. Slika 4 prikazuje distribuciju koncentracija radona i
izlaznih veli¢ina iz MPL evaluacije koncentracija radona na osnovu svih ulaznih
parametara.

Da bi procenili kvalitet koris¢enog metoda poredene su razlike izmedu izlaznih vrednosti
iz MLP multivarijantne regresione metode i vrednosti merenih koncentracija radona
(slika 5). Slika ukazuje na dobru mo¢ predvidanja varijacija koncentracija radona na
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osnovu celokupnog seta ulaznih parametara pomocu multivarijantnih regresionih

metoda.

Tabela 3. Ulazni parametri poredani po znacaju za BDTG MVA metodu za radon

BDTG rang Paremetar Znaca;g ;7 3.2“ able
1 Ukupan N 6,490
2 U-238 30cm 6,425
3 K-40 30cm 6,040
4 Th-232 30cm 5,495
5 Humus 5,490
6 K,0 5,406
7 glina 5,360
8 U-238 povrsina 5,218
9 Sitan pesak 5,116
10 CaCOs 5,081
11 P,0s 5,003
12 Cs-137 povrsina 4,715
13 Ra-226 30cm 4,656
14 Nadmorska visina 4,595
15 K-40 povr§ina 4,509
16 pH 4,435
17 Ra-226 povrsina 4,188
18 Prah 4,082
19 Th-232 surface 4,026

20 Krupan pesak 3,671

Slika 4. Raspodela merenih koncentracija radona i izlaznih podataka iz MLP
multivarijantnog regresionog metoda za koncentracije radona
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Slika 5. Raspodela razlika izlaznih veli¢ina iz MLP metoda i merenih radonskih
koncentracija

4. ZAKLJUCAK

U ovom radu detaljno je opisana moguénost primene multivarijantne analize za procenu
radonskog potencijala. Odabrana je najadekvatnija metoda za analizu radonskih merenja
medu velikim brojem multivarijantnih metoda, koje su razvijene za analizu podataka u
fizici visokih energija i implementirane u TMVA softverski paket. Evaluacijom i rangi-
ranjem dobijenih rezultata na osnovu efikasnosti i Cistoée signala izdvojene su dve
metode koje daju najbolje rezultate u analizama: BDT i MLP koja se bazira na vesStackoj
neuralnoj mrezi (ANN). Rezultati dalje multivarijantne analize daju uvid u zavisnost kon-
centracije radona od koncentracija ostalih radionuklida u zemljiStu i geohemijskih
karakteristika zemljista. BDTG multivarijantni metod pokazuje da su varijable od
najveceg znacaja za koncentracije radona u zatvorenom: koncentracije radionuklida u
dubljim slojevima zemljiSta, ali takodei sadrzaji humusa i gline u zemljiStu (tabela 3).
Dodatno, multivarijantni regresioni metodi daju dobru aproksimaciju koncentracije
radona koris¢enjem celokupnog seta ulaznih parametara. Sve to potvrduje da su radio-
geohemijski podaci korisni za generisanje mapa radonom ugrozenih podrucja. Potvrdena
je pretpostavka da tip zemljista koji sadrzi najveci procenat gline i humusa u najvecéoj
meri adsorbuje i zadrzava radon u zemljiStu i doprinosi poviSenim koncentracijama
radona u zatvorenom, odnosno radonskom potencijalu. Ovaj zakljucak se moze primeniti
za odabir lokacija za buduc¢a merenja permeabilnosti zemljista kada se nabavi neophodna
oprema. Dobijena najbolja korelacije koncentracija radona sa sadrzajem ukupnog azota u
zemljiStu predstavlja interesantan rezultat koji ¢e biti dalje proucavan u narednim
studijama proucavanja emanacije radona iz zemljista.
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CAJIP/KAJ

Ilpeocmasmwena je oOeramnocm capaonuxka Huckogoucke nabopamopuje 00 reHe
uzepaowe 00 oauac. Illovemna mepersa Koumyenmpayuje paooHa, UHMeEH3Umema
KOCMUYKO2 3pauersa U poHa 2ama 3paderba 8pemeHoM Cy, MemoOOIOUKUM NPUCTNYIOM,
npepacia y KOHMUHMYUpanu mouHumopure. Cmamucmuuku 3HAYajHu pesyramamu
000UjeHU HaKOH OY2OMPajHUX Meperbd, OONYeHU NOY30AHUM CUMYIAYUjamMa U aHaIu-
3UpPaHU HANPEeOHUM MYIMUBAPUJAHMHUM MeXHUKama jacno uoenmuguxyjy Hucko-
@oHcKy 1abopamopujy y céum reHuM 001acmuma UCmpaicuarsd.

1. YBOJ

[Tpupona oBor paja je peBHjaiHa U MPEICTaB/ba PETPOCIICKTHBY HAjBAKHUJUX Pe3yJiTara
capagauka JlabopaTopuje TOKOM MOCIEAmE IBE JACICHU]C.

[Toyerak HayuHe Kapujepe IpBa TPH IMOTIHCAHA KOAYTOpa NPAKTHYHO KOWHIMIHpA Ca
U3TPaIlbOM TOJI3EMHE JTabopaTtopuje U KOHCTHTyucameM HuckodoHcke tabopatopuje
3a HykieapHy ¢wusuky, MHctutyta 3a ¢usuky. Muunmjanna 3amucao np Pamosana
AmntanacujeBuha u mpodecopa ap MBama AHuWuMHA O TOCTOjaky pedepeHTHe
nabopaTopuje 3a Mepemhe MalIMX AaKTUBHOCTU M IPOYy4YaBambe PETKUX HYKICAPHHUX
nporieca, peanuzoBana je 1997. ronune y okBupy MHctutyTa 3a ¢pusuky. Henponewusy
MOJPIIKY JBOJHIIE Yy4YHTEJba JOAATHO je oloraruia capaima Kojere AJekcaHapa
Hparuha ca akagemMukoM 3BOHKOM Mapuhem, BHEroBUM MEHTOPOM Ha TEOPH)CKUM
paznoBuMa, KOju je Takole Beoma Ono 3auHTepecoBan 3a [lma3zma gokyc ekcriepuMeHT. Y
MepemuMa Ha TOj (y3MjOHOj MAIIMHH, 3HA4ajHa je Omia TexHW4ka mozapiika borka
AmnranacujeBuha, bate [lanuha u ap [[paryruna IlleBuha, kao u TeOpHjCKU MpOpadyHU
konere Joune CranojeBuha, ma je 2000. rogune onOpameHa mpBa AMcepTanydja Ha
[Tnasma ¢okyc excnepumenty, konere [lymana Jokcumonmha. Ilocne nyxke mayse
M3a3BaHe JI0Tpajasiomiy onpemMe, mpe HEKOJIMKO roJIMHa MOKYIIaHa je peBUTaTU3aIija
OBOT' EKCIIEpUMEHTa, CHTy3HujasMoM Kkoiiera aAp Jlparana Jlykmha u MupocnaBa
MaxkcumoBuha, anu je mpoIeHkEHO Ja OHA 3aXTeBa 3HAYAjHU]Ee HHBECTUPALE.

3Hama credueHa Ha [lmazMa (OKyc EKCIepUMEHTY YIOTpeOOM UBPCTHUX IETEKTOpa
TparoBa MpUMEHHUBaHA Cy U Yy MPBUM MEpECHUMa KOHIICHTPAIUje PaloHa Y MO/I3EMHO)]
naboparopuju. Y o01acTu JETEKTOpa Tparopa, Mopes] BEIUKOT ayTopuTteTa ap PagoBana
AHranacujeBuha, ocHMBa4Ya W TpBOr pykoBoaworia JlabopaTopuje, KOju je 3HAMmE
npeHocno Ha Mialje capamgHuke BpeIHO j€ TMOMEHYTH W KOPUCHE HHCTPYKIHje
konerunuie aAp bojane ['pabex kao u uckycTBo npodecopa ap Josana Bykosuha. To je
cBe 3ajenHo nmompuHeno ga 2006. rommne y JlaGopatopuju Oyne onOpameHa HOBa
JIOKTOpCKa AMcepTanyja, koinere Bmagumupa Ynosuumha moHoBo Ha Temy [lnasma
¢dokyc excnepumenrta. YOp3o, Tokom 2007. roauHe NPUAPYKUO My c€ KoJyera
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Anexcangap Jparuh, onbpanom qucepraiyje ca TCOPHjCKUM PaioM O TIO3UTPOHH]YMY Y
capa/iby ca akageMuKoM 3BoHKOM Mapuhewm.

Capaama ca npodecopom ap UmrBanom bukutom, rucnpes HOBocaIcke J1adopaTopuje 3a
Hykneapny ¢usuky, [IM®-a y HoBom Cany, 6una je nparoriena Beh Ha mo4eTky TOKOM
EMIIUPHjCKE CEJIeKIMje paJWjalliOHO YUCTHUX Tpal)eBHHCKUX MarepHjaja 3a Tpaliby
Jlaboparopuje. IIpBu pe3yntat Mepema KOHIEHTpaIMje paJoHa TOKOM TIpambe
noja3eMHe jabopatopuje myonukoBanu cy Beh 1999. romune [1]. I Tokom HapemHor
nepuoa, mpodieMaTiKa pajgoHa Ouiia je NpUCyTHa, IIEPUOTUYHOM IIPOBEPOM Y HA/I3EM-
HOj] U moja3eMHoj naboparopuju (HJV/ILI), merexkrtopuma TparoBa M KaHHCTPHMa ca
aKTUBHUM YTJbeM. YTIOpEIO ca TOCTeNeHHM omnpeMameM JlabopaTopuje morpeOHOM
MHCTPYMEHTAILMjOM, TIPEJAHOCT Cy noOujane aBe mpumapHe obnactu. Hajmpe je 2001.
roJiMHe HHUIMjaTHBOM mpodecopa np lBana AHHMYMHA, Y3 MOJPIIKY HETOBHX
acuctenata ap Josana IlyzoBuha um np I'opana Illkope, u BUCIPEHUM caBeTUMa
npodecopa ap Bype Kpmmoruha y UacTuTyTy 32 Qu3uky mokpeHyTta mpobiemMaThka
¢u3nke KocMHUYKOT 3payema. Tux romuHa JlabopaTopuja je ocrtana 0e3 HEKOJIUIMHE
capaaHUKa, a HEMpolLEeHUB je Ouo ryouTtak Benmukor Paxera, np PajgoBana AHraHacu-
jeBmha Hamier gparor meda, u Jlaboparopuja ox Te 2003. TogMHE HOCH HETOBO HME.
Jlaboparopujy cy y kpatkom mnepuony Hamyctwiu parytun lllesuh, bomko Amnra-
nacujeBuh, Hagexxna Antanacujesuh, 3opka [Ipoganosuh u Josuna Cranojesuh, anu je
cTUrio u mpBo mnojauame. Konera Jlejan JokoBuh ce on camor moverka yKJbY4HO y
MOKpeTame MpodIIeMaTHKEe KOCMUYKOT 3paueiha Ha K0joj je MarucTpupao, a 201 1. ronune
U JIOKTOPHUPAO.

OcHOBHa HaMEHa HAJ3EMHHX HJIHM IUTUTKO YKOMAHWX HUCKO(OHCKHX JlabopaTopuja je
Mepemhe MaMX aKTUBHOCTH, OWJIO y30paka M3 HPUPOJEC HIM BelmTadku oOoraheHmx
(HOPM u TEHOPM), nmomro je Hu3ak (oH OOpHYTO MPOMOPIIMOHATIAH OCETIHUBOCTH
Mepemha WM MUHUMAIIHO] JETEKTa0WIIHO] aKTUBHOCTH MepeHor y3opka. DoH je Haj-
yerrhe CHHOHUM 3a (DOH rama 3paderma KOjuM ce, MOIITO j€ MOHOCHEPTeTCKO, jJaCHO UJICH-
TUUKyje oapeheHn paaro U30TOI. 3a MEPEHmEe rama 3padema Hajuenthe cy y ynorpeou
TepPMaHUjyMCKH JETEKTOPH, Ca YJITHMAaTHBHUM 3aXTEBHMa 3a PaJWjallMOHO YUCTUM
Kpuoctarom, mto Behe akTuBHE 3ampeMuHe (€UKACHOCTH), M CMEIITEHE Y OAroBapa-
jyhoj macuBHOj 3amtutu (Hajuenthe oaoBy). Biucoko oceTspuBa Mepema oHa, Kojuma ce
(GyHIAMEHTAIHO HUCTPAXyjy pPETKH TpouecH (IBOCTpyKHM OeTa pacmaad ¥ TaMHa
MaTepHja) CIpoBOjE ce y AYOOKUM IOJ3eMHUM JlabopaTopHjaMa y KOjuMa jé MUHUMHU-
30BaH YTHIIAj KOCMHYKOT 3pauera. Mnak, u IIMTKO yKOIaHe JabopaTropuje Mory mnoc-
JMY>KUTH Y aHAJIW3U OHUX KOMIIOHEHTH ()OHA KOje FeHEepHUIlle KOCMHYKO 3padewme (300r
00Jbe CTATHCTHKE), @ KOje CYy PEJICBAHTHE Y BUCOKO OCETJBHBUM MEpEHHMa y TyOOKUM
naboparopujama, Kao U 'y CEJICKIUjU paaujalliOH0 YUCTUX MaTepHjasia Koju ce yrpahyjy
y MHCTPYMEHTAIIHjy TUX BUCOKO OCETJbUBUX UCTPAXHMBama. [ JTaBHU Wb, aHYJIUPAHE
HYKJICOHCKE KOMIIOHEHTE KOCMHYKOT 3pauekha, IPUCYTHE Ha MOBPIIUHU U CBE JI0 OKO 15
MeTapa BOJCHOI CKBHBaJCHTa (M.B.€), IIOCTUTHYTO j€ YKOIIAaBaleM 3EMYHCKE
naboparopuje y necHy obany [lynasa. Jfobujeno je 12 MeTapa 3aITUTHOT CJI0ja 3eMJbE,
neca (SEKBUBAJICHTHOT ca 25 MeTapa BOJC) Ma je W HAjIupOJOpPHHMja KOMIIOHEHTa KOC-
MHYKOT 3paveiha, HAaeJICKTPHCAHH MHUOHH, PEyKOBaHA HHTEIPATHO CKOPO 4 ImyTa.

[IpBu pe3ynTat peaTUBHOT CMambemka (BIykca MUOHA, OJ3EMHE Y OJHOCY Ha HaJ3eMHHU
npoctop (oko 4 myTta), 70OMjeH je JBeMa TeXHUKama, IUIACTUYHUM CLUHTHIATOPOM
NE102 u npeHOCHMM repMaHHjyMCKuUM aerekropoM (pen. eduxacnoctu 20%). Ha
’ajoct, oBaj npBu Ge AETEKTOp, M03ajMibeH 13 BuHue, HHje OMO 01 KOPHCTH 38 HUCKO-
(doHCKa Mepema 300T BEeroBe pajnjallioHe 3aMpbaHOCTH YCIIE paja Ha MOHUTOPHHTY
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peakTOpCKUX HEyTpoHa. Y mpBO BpeMme, JlabopaTtopuja je pacrmosiarajiia ¥ IJIaHaApHUM
Ge(L1i) nerekropom, nobujenum oj konera u3 Hoeor Cana, KojuM ce MOTao IeTEKTOBATH
TEK HUCKOCHEPTeTCKH J1e0 (oHa aMOUjeHTATHOT TaMa 3padema, 10 oko 200keV. [Topen
noMuHaHTHUX Pb-X mukoBa, 0J1 OJJOBHOT OKJIOINA, jJaCHO C€ M3J/iBajalia JIMHUja O] ypaHa
238 (Taunuje mwerosor npsor noromka Th-234) Ha 63.3keV, mro je mocmy>kuIio 3a npBu
YIaHAaK O aHaJU3U y30paka ca ypaHoM [2]. TokoMm roauHy jaHa ¥ HEMOCPEIHO IMpe
HabaBKe MPBOT M jOII YBEK jEAUHOI IrepMaHHjyMCKOr jaerektopa y Jlaboparopuju, y
mo/13eMHOj Jaboparopuju je 6uo y ynorpedu jour jenaH nozajMmibeHu Ge IeTeKTop, u3
JIaboparopuje 3a 3alITUTY O] 3paueka u3 BuHYe, a y Uy KOMITAPATUBHUX MEpEmha
UCTUX y30paKa.

2. ITPOBJIEMATHUKA KOCMHUYKOI 3PAYEIHA

[Mpernennu pax, u3z 2011. rogune, [3], caapu U AeTabe KOHCTPYKIIH]E caMe MOA3EMHE
naboparopuje u olrca BEeHOT PaJHOT pexuma, na he ce Hagape nmpuya Gokycuparu Ha
TpH JOMHUHAHTHE 00JIACTH HCTpakuBama y Jlaboparopuju. XpoHOJIOMIKH, IpBa 00JacT
KojoM cMo ce OaBwtm o1 2001. ToarHE je KOCMHYKO 3padee, U jOII YBEK je 00JacT Koja
je mpenMeT MHTepecoBama Hajpeher Opoja capagHuka.

KoHTuHYHpaH MOHUTOPWHT HMHTEH3WTETa KOCMHUYKor 3padewma y HII/IJI, tpaje
Henpekuaao ox 2002. roauHe M0 JaHAC, y TOYETKY ca JIBa je[HaKa TUIACTUYHA CIIMH-
THJIATOpa MaJjie MOBPIIMHE. Maiu IIacTUIM, KaKo UX Ha3uBamo, cTuriu cy y Cpoujy u3
Hy6ne, 1994. ronuue, eHrysujazmom mnpodecopa AnmumHa U Muonpara Kpmapa.
HerekTopu cy komrmuietupanu y Hamoj Jlaboparopuju, crmajameM CHUHTHIATOpa ca
CBETJIOBOJIOM U IO jeAHUM (poToMynTHILTHKaTOpoM. U nanac cy y GyHKIHMjuU ca jou yBeK
OeCIpeKOPHOM TUCKPUMHHAIM]OM MUOHCKOT AE muka 0]l HICKOGHepPreTCKOT KOCMUYKOT
U rama 3padewa. [IpBu pesynratu penom cy npeicraB/baHU Ha cBETCKUM, Janas, 2003,
Wupuja, 2005. 1 eBporickuM KoH(pepeHinjama 0 KOCMUYKOM 3pauemy, Mrammja, 2004. u
[Moptyranuja 2006. rogune [4]. Ha nocnerky, npeuusno oapeheH ¢uryKec KOCMHUKHX
MHOHA, IPBHU ITyT Ha HAIIUM reorpa)CKUM MKUPHHAMA U Ty>)KUHaMa, ImyOiauKkoBaH jey [5].
Kpajem 2005. ronune, cHanaxspuBouhy konere Jparuha, y ckiomny HabaBke repMaHu-
JYMCKOT JIETEKTOpa, YCIEIH CMO 3HAa4ajHO Ja MOJAUTHEMO KBAIUTET MEPEHha KOCMUYKOT
3pauema, HaOaBKOM JBa MJCHTHUYHA, 8 myTa Mo noBpimuHU Beha cuunTHiaTopa. bosba
CTaTUCTHKA MEPEHa 3HAUWIA j€ M YNYIITamke Y BPEMEHCKY CIEKTOCKONHU]y KOCMHYKOT
3padema, MoceOHO HakoH HabaBke mpBor aurutanHor ananmsatopa (CAEN), 2008.
TOAMHE, NAKO CY ¥ J0 TaJa aHAJH3UpaHEe BPEMEHCKE CepHje 1 IEPUOI0TPaMU KOCMHUUKHUX
rnojaraka, [6].

Opn mporie TOAWHE Y HOBOj MPOCTOPHO] KOH(UTYpaIUju PACTIONOKUBUX TUIACTHIHUX
cimHTIIaTOpa (HazBaHor ASYMUT, mTo je acuMeTpuYHN MUOH TEJIECKOIT), OTBapa ce
MoryhHOCT eHepreTrcku audepeHIHpaHor npahema mpoleca collapHe MOJyJalyje
KOCMUYKOT 3payuema, ciiuka 1.

MHoro 3HavajHHje 3a moTeHMjan Jlaboparopuje o CKPOMHOT OTpeMama XapIABEPOM,
jecre TpaHcdep moHOBO U3 Buaue, oBor myra koiere Jumurpuja Manerwha, mpemno-
pykom Hamier npogecopa VBana. BberoBo Benmmko 3Hame credeHo Ha CMS ekcre-
pumenty y CERN-y, Ha xome je u gokropupao 2009. roaune, moceOHO coPTBEPCKHUX
ajiaTa, OCHa)KWJIO je CIIOCOOHOCTH IpyIe JAa ce MPUMEHOM HOBO pa3BHjeHHX coPTBepa, Ha
aJIeKBaTaH HAYMH aHAJIM3KpPa cBe OoraTuja 6a3a KOCMUYKHX TOJaTaKa.

VY JlaGopaTopHju je peaan30BaHO JeceTak JAUIUIOMCKHX paJoBa, ajld ce ol Miahux Tek
konera Hukona BecenunoBuh, pagaehu Hajupe QUIIIOMCKM Ha TeMH Iuta3ma ¢okyca ca
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KosieroM Y oBudyuheM, KacHUje ,,yCyauo* na aHalu3hpa MOMEHYTYy 0a3y KOCMHUYKHX
nojiaTaka T€ Tako YIpPaBO OBE TOAMHE MPUBOJIU pajJ HAa CBOjOj aucepTauuju. therosum
cronama je, Hajipe paaehu aumiomcku pag o CAEN nururaiHoMm aHanus3atopy, KpeHyo
u xosera Muxawmno CaBuh, ma ce yCKOpO MOKE OYCKHBATH jOII jeHA AMcepTaIja u3
00J1acTH KOCMUYKOT 3padema, [7].

Cauka 1. ASYMUT kondurypanmja y noaseMHoj JJabopaTopuju,
1-MaJm mIacTuiu, 2-BeJIMKH IJIACTHK, 3-Ge getektop y Pb 3amTuTn,
u noaatHo 4-Nal nerexrop y Pb 3amrurn, S-pagonomerap

3. HUCKO®OHCKA I'AMA CIIEKTPOMETPHUJA

[Tocne 8 roguHa o oTBapama, y JlabopaTopujy je cTurao repMaHujyMCKH JETEKTOp, Y
CTaHJApAHO] BEPTUKAIHO] T€OMETPUjU KPHOCTaTa KOjHU je n3abpaH aa Oyae oa HUCKO-
¢donckux marepujana. PenatuBhe eduxacHocTH ox 35% M HOMHMHAIHE EHEPreTCKe
pesonymmje 1,72 keV, meTekTop je mpelncTaB/ba0 M3BPCTAaH MHCTPYMEHT 32 JCTaJbHO
yIo3HaBamke Ca CBUM KOMIIOHEHTaMa (hoHa rama 3padema y amMOHUjeHTYy MOa3eMHE
naboparopuje. Y TIOYETKY je MacMBHA 3alITUTA OWila HeJOBOJbHA, 6¢m 0JI0BAa HETIO3HATE
uctopuje (y CMHCIY HErOBOT MOpeKya U CTapocTH). HeKoanKko roauHa KacHHUje Mmocie
MpOILICHE JIa je OmTUMaiHa Jne0spuHa 3amTuTe 12 cm o5ioBa, oneT y3 nmomoh kosera u3
Hosor Capna, usznuBeHu cy AMCKOBU yKyrHe mace oko 900 kuiorpama oj JAOBOJHHO
CcTapor 0JI0Ba 3a Koje je mpolemeH canpxkaj Pb-210 oko 25 Bgkg'. Beh je momenyra
Tpujaxka rpal)eBUHCKUX MaTepHjaja y CMUCIy M300pa OHMX ca MHHMMAaJIHOM KOHIICH-
TpaIMjOM ypaHa, TOpHjyMa 1 Kaimyjyma 40, a 32 ’OM je CIEAIIIO 3HATAYKO IIPOjEKTOBAHE
BEHTUJIAIIMOHOT CUCTeMa Koju je o HajBeher 3Hauaja 3a momzemHe Jaboparopuje. bes
Bera, CIIOHTaHa aKyMyJlallija paJoHa JIOCTIKE JBa peaa Behy KOHIIGHTpalujy ma Ou y
(OHCKOM CIIEKTPY JTOMUHHpaJe OpOjHE MOCTPAIOHCKE JIMHU]EC y3 BUXOBO MHTCH3HMBHO
Bapupame y BpeMeHy. HempecTaHuM M3MeHaMa IIEJIOKYIHOI Ba3lyXa y IOJI3EMHO]
naboparopuju (3ampemuse oko 130 m®) ckopo 4 myTa Ha caT, 1 GUITPALIjOM BasyXa Ha
ylia3y y CHUCTEM Y JIBa CTEIIeHa, IPBO (QUIITEPOM 3a MPAIIKHY a IOTOM U BEIUKUAM (OKO
50 kg) ancopbepckum GuaTepom ca aKTUBHUM yTJbeM, KOHIIGHTPAIIH]a PaJIOHA j& CMarbe-
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Ha Ha oko 10 Bqm™. BpemeHOM je mporermero a je i gocturaytux 20 Bqm™ 10BosbHO
HHCKO, ITeehn Ha YyecTuM 3ameHama Benukor ¢uirepa. [lopen ¢punrpanuje, pazaukom
y Op3uHH ynyMIIaBama YHCTOT ¥ UCIyMIIaBamba PaJiOHOM 3alpJbaHor Ba3lyxa, MpojeK-
TOBaH j€ W HAJINpPUTUCAK O] Mpeko 2mbar-a, xoju crpeyaBa nudys3ujy pagoHa Kpo3
CBCHTYAJIHE IMyKOTHHE M3 aTyMHHU]jYMOM IPECBYYSHHUX 3MI0BA U JIOJATHO JONPUHOCH
peaTHBHOj CTA0MIHOCTH KOHIEHTpAIHje PaJoHa.

Jou y nmpojexToBamy mpBe KoHpHUrypamuje ca BelTHkuM mwiactumuma (1m?), peannsosana
je Bero-akTuBHa 3amrTuTa Ge JETEKTOpa, Ca PacTOjakbeM OJIOBHOT TOKJIONIA 0
KOAKCHJjAJIHO TIOCTAaBJLEHOT BEJIMKOT IUIACTHUKA 01 0KO 60cm. YTpaBo je Texak OJOBHU
NOKJIONAll M HAuyuH mpuctyna camoM (Ge JETeKTOpy, 3aXTEBA0 PEJIATUBHO BEJIUKO
pacTojame IITO je 360T IIMPOKE YraoHe Pacrojele MHOHA (COs 0) 3HAYAJHO yMAaJbHIIO
YYMHAK BETO JieTekropa. KOHTHHYHpaHH MOHHTOPHHI KOCMUYKOT 3payciha M yIopeIo
BPEMEHCKA CIIEKTPOCKOIUja MpPYyKaJd Cy MOTYNHOCT 1a ce y aHTUKOWHIIMJICHTHOM
pexxumy cmamu (poH oxbaryjyhu meo nmorahaja nerexkToBaH y BeTy, AOK C€ Y KOHH-
[UJICHTHOM PEXHUMY YIPaBO aHAIM3UPAO J1e0 (POHCKOT CIIEKTpa T'eHEPUCaH O] CTPaHEe
KOCMUYKOT 3padema. [IpBu pesynraru cy npeacraBibeHu y [3]. [TocebHO je 3aHMMIBHBA
mpoleHa ¢urykca HEyTpOHA TeHEPUCAHHUX OJ] MHOHA Y OJIOBY, KOjU C€ JICTEKTY]y MPEKO
3aKaCHEeJNINX KOMHLUACHIMja )b UXOBOM MHTEPAKIIMjOM Ha M30TOMMMA TepMaHujyma, [8].
[Tomenyra ASYMUT kondurypanuja, ciuka 1, 3Ha4ajHo je moOoJbIIaza reoMeTpujy ABa
JETeKTOpa Ma Ce OYeKyje M 3HAYajHO HIKH MHTErpaiHU ()OH W MHTCH3UTET aHMXMJIa-
IIMOHE JIMHKje Y BeTo pexkumy. [Ipe Tora, kapakrepuctuke (GoHa Mmocie JayKer Mepema
npeAcTaBibeHe ¢y y [9].

ToxoM rojvHa KOHTHHYHWPaHOI MeEpema, OWJIO je OJ 3Hauyaja aHAIU3UpATH YTHUIA]
BapHjaliyje paJoHa U KOCMUYKOT 3padyeha Ha Bapujaiuje (oHa, MOIITO Cy BapHjaluje
¢doHa y crpe3u ca CHCTEMAaTCKOM TIPEIIKOM MEpemha MaJHX aKTHBHOCTH. Mepema cy
CyKmecuBHO obOaBipaHa y obe maboparopuje HJI m IIJI, m mokazana je ouurieaHa
MIPETHOCT OCTBAPEHUX HUCKO(OHCKUX yClloBa y Moa3eMHO]j Jaboparopuju, [10]. OBo je
Owna u TeMa gucepranyje konere Pamomupa bamanina, ogopamene 201 1. rogune.
HuckoenepreTcku neo crekrpa poHa repMaHUjyMCKHX JETEKTOpa UCTPAKUBAH je U ca
acmekta yrtunaja ,skyshine* panujanuje y omHOocy Ha  KOHKYPEHTCKH JIOTIPUHOC
KOCMHUYKOT 3pauciha. MUOHM KOCMHUYKOT TIOPEKJIa MPOM3BOJIC KOHTUHYUPAHH CIEKTap
ryOuTaka eHepruje Koju MMa MakCHMyM HMHTEH3UTETa Ha BHCOKHM €HEprujama, peia
HEKOJIMKO JecetuHa MeV, koja je Hajuemthe u3BaH 00JACTH WHTEpPECOBama, alld Najy
JIONPUHOC W y HUCKOCHEPrerckoj obmactu. CBEyKYNHHM HHCTPYMEHTATHH (DOHCKHU
CHEKTPH OJJIMKY]y CE€ M3PAa3UTHM MaKCUMyMOM, KOjU j€ y 3aBUCHOCTH OJ BEIIMYMHE
nerektopa y Ommsuam 100keV. WHTeHsurter, mpupoma u mnopekio (oHa y OBOj
€HEepreTcKoj 00JacTH MCIUTHUBAHO je allCOPIIMOHUM MepemhiMa U 3aKJbyUYeHO je 1a je
3payckhe KOHTUHYHPAHOT CIIEKTPa JBOJaKOT MOPEKIia. JeTHUM JIeJIOM OHO MPENICTaBIba
pacejaHo U JAerpajiupaHo 3pauche eNICKTPOMArHeTHE KOMIIOHEHTE KOCMHYKOT 3paucha,
JIOK JPYT'MM JIeJIOM TpEACTaB/ba O] LEJIOKYITHE OKOJHMHE pacejaHo 3pavce
TEPECTPHjATHOT MOPEKJIIa, YeCTO MO3HATOT O] Ha3UBOM ,,skyshine radiation®, [11].
BakHO je mOMEeHyTH, Kao IITO je Cliy4aj ¥ KOJI MPOOJIeMaTHKEe KOCMUYKOT 3pauckha, Jia Ce
y aHanu3aMa (poHa HEeM30CTaBHO KOPUCTE CHMYJIAIMOHU MaKeTH, Hajuerhe epHOBCKU
GEANT4, [12], u y obmactu kocmuukor 3payema, CORSICA.

433



XXIX Cumnosujym A33CHT

4. JTETEKIMJA PAJIOHA

Panon je cBynma mpucyraH jep je Mo mpHpoad rac na JudyHIyje U Kpo3 3HII0BE
naboparopuja, MpU TOME je M WHEPTaH Ia ra je TEHIKO (QWITPUPATH U XEMH|CKH
n30J0BaTH. Y HUCKO(OHCKO] ramMa CHEKTPOMETPHjH YBEK CBOJHUM PEIaTUBHO KPAaTKUM
’KHBOTOM, T€HEpHIIIE 3HAYajHy aKTHBHOCT ITOTOMakKa KOjU IOTOM CBOJUM pPAacCHaJambeM
MPOAYKYjY MHOIITBO IIOCTPAZOHCKUX rama JuHHUja, mocebno Pb-214 u Bi-214. Jenan ox
HAuWHA JICTCKIIMje paJoHa je YIpaBO aHAIM30M MHTEH3MTETa IMOCTPAJOHCKUX JIMHHU]a
HAKOH WITO je caM paJIoH aacopOOBaH y KaHHCTpUMa Cca aKTUBHHM YrjbeM. Bpewme
aKyMmyJanuje je oOM4Ho 2 JaHa, a jOoIl jeJHa, T3B. MACHBHA METOJA je MpedpojaBame
TparoBa off paJloHOBUX ai¢a yectua y uBpctuM aerekropuma (CR-39 u LR-115) mocne
BpEMEHa eKCIIOHUpama 0/ HajMame 3 Mecena. Beh je moMeHyTo 1a pajoH Kao CMETHa y
HUCKO(OHCKUM MEpeuMa OCUM ILTO TeHEepuIlle HeTprjaTtaH (poH y BUIy MHOIITBA rama
nuHMja ¥ npunaaajyher KoMnroHOBCKOT KOHTMHYYMa, JTOJATHO YTHUYE Yy BapHjaluju,
Hajyemhe JHEBHO], UCTHX JinHW]ja. HaumH na ce moy3naHuje MPOIEHH YTHIA] OBOT
BapUpama jecTe akTUBHA METO/A JCTEKIIH]e palioHa Koja y pEalHOM BpEMEHY CaKyIljba
NoJIaTKe, KOHIICHTpAlMje pajJjoHa Kao M PEJICBaHTHUX METEOPOJIOIIKUX Iapamerapa,
TEMIIepaType W pelaTUBHE BIaXHOCTH Baszayxa. Ox 2008. rommue JlabGopartopuja
pacmonaxke jeJHUM TaKBUM OpojadeM, paJOHOMETPOM, KOjH j€ JaleKo jedTUHHUJU Of
aktuBHUX criektpomerapa (Rad7 u Alphaguard), anu nmomjennako npernu3san. [lyrorpaj-
HUM MOHUTOPUHTOM y aMOHjeHTY MOJ3eMHE 1aboparopuje, paJOHOMETAp j& TOTBPAHO
OUYEKHMBAHO JIHEBHO BapHpaE alld I0Ka3a0 U Ce30HCKY Bapujanujy paaoHa, [13].
AxtuBHU ypehaj mpyxuo je u MOryhHOCT NMpHMEHE HANpeIHHX MYJITUBAPUjaHTHHUX
TEXHHMKA aHaJH3e, KOje Ce YCIEIIHO TPEHHUPAjy Ha aKTyelHO M3MEpEeHo] 0a3u mojaTraka
paJioHa ¥ METEO MapameTapa, ¥ MOTOM YCIICIIHO BPIIE MPEIUKIIN]y TUHAMHUKE paJloHa Y
KOHTPOJIMCAHUM yCIIOBUMA MOA3eMHE JlabopaTopuje, [ 14].

Beh wHekonmmko romuHa akTtuBaH je cajt, http://cosmic.ipb.ac.rs/index.html, nHame
JlaGopaTtopuje ca JIMHKOBUMA Ha aXypUpaHE IMOJATKE MEpema KOCMHUYKOr 3pauca,
http://147.91.87.156/cgi-bin/bcrs u  eBanmyanmuoHe KOHIEHTpanuje pagona y I,
http://147.91.87.156/nf-cosmic/rad3/Radon alarm/.

3HambEM CTEYCHUM MIPUMEHOM Pa3HOJIMKUX TEXHHKA JACTEKIHMje PaJ0Ha, HE CaMO YHYTap
IJI/HJT mpocTopa Beh cucTeMaTcky Uy pealHoM aMOWjeHTy BaH Jaboparopuja, [15], y3
noJpiKy AreHiyje 3a jouu3yjyha 3padema 1 HykieapHy curypHoct Peny6muke CpOuje,
u peanuzoBany npeko IAEA ¢onnosa, HoBu pykoBoamnan Jlaboparopuje np Bragumup
VY noBuunh yCHenHo je KOOpJMHUPAO BEIMKOM KaMIalkOM Malupama pajioHa 1 qo0uja-
BeM npBe pagoHcke Marne Cpouje 2016. ronune, [16].

5. YMECTO 3AK/bYUYKA

Hapnajyhu ce na he ce kpo3 10 unm 20 roanHa MOHOBO MPYXHUTH MPHUIINKA TUCAKY paja
CIIMYHOT caJipkaja, oueKyjyhu HarmokoH 60Jpe onpemame Jlaboparopuje XxapIBEpoM U y3
3ajp)KaBambe¢ BHCOKOI HMBOA €HTY3Wja3Ma capajHUKa, CMaTpaMoO J0Calalllbe aHrao-
Bamb€ YCICIIHUM, a II0CTOjame Hale JlabopaTropuje onpaBIaHuM.

OBo je mpuiinKa J1a ce MPUCETUMO HETIOCPEIHH]E Capajiibe TOKOM OBUX JIBAJCCET TOANHA
u ca koznerama u3 Bunue, Musojkom KosaueBuhem, 3opom XKynuh, MiBanom Bykanar,
Hparanom Tonoposuh, Jenenom Kpuera Hukonuh, Ilpenparom Yjuhewm, u konerama us3
Horor Cama Muoaparom Kpmapom, Codpujom @opkanuh u Hukonom JoBaHueBuhewm.
VYnpaso je Ham Hajmuahu capannuk, JaBun Kuexesuh, nonaszehn u3 jake HoBocazicke
IIKOJIC HyKJIeapHe (pu3nKe 1o/1aTHA Halla y IOKPETamhe HOBUX TeMa.
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HapaBno, Ty je u Benmuku Opoj Hammx Kosera u3 camor HMHctutyta 3a (U3MKY,
3aWHTEPECOBAHUX 32 HAIll PaJl 0J1 KOjUX ce o caMmor popmupama JlabopaTopuje y cBakom
adpupMaTHBHOM cMHUCITy ucTuue ap Anexcannap bemuh.

Moxe ce urak 3akJby4uTH Jia Cy IOYETHA MEepEeha KOHIICHTPAllMje paJoHa, MHTEH3UTETa
KOCMHYKOT 3pauera M (oHAa raMa 3paderba BPEMEHOM, METOAOJIOIMIKHM IPHCTYIIOM,
npepacia y KOHTUHYUpaHd MOHUTOPHUHT. CTaTHCTUYKH 3HAYAjHU pe3ysiaTaTH J00UjeHr
HaKOH AYTOTPajHUX Mepema, AOMYHEHHU IMOY3JaHHM CUMYJaldjaMa W aHaJU3UpaHu
HampeIHUM MYJITHUBApPHjaHTHUM TEXHUKaMma jacHO wuiaeHTuuKkyjy HuckodoHcky
nabopaTropujy y CBUM HBEHUM 00J1aCTUMa UCTPAKUBAHA.

Ha xpajy, ka0 1 cBakoM IpPUIIMKOM, paao ce cehamo Hamer aparor npodecopa MBana
AHNYMHA KOjH je Y HajTexe BpeMe, KaJa je orncranak Jlaboparopuje Ono yrpoxeH, ainu u
HAKOH OJUTacKa y MEH3H]jY, CBOjOM XapHU3MOM, HEOTPAHUYCHHUM 3HAHEM U CBETIPHCYTHOM
Jby0aBiby Mel)y Hama HaJaxmbUBAO MCTPAKMBAYKU JYyX W OJP)KABAO jJEAMHCTBO CBHUX
capaanuka Jlaboparopuje.
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ABSTRACT

The most important scientific activities in the Low-background laboratory are described
for the entire period of its existance. Over the period of twenty years, initial
measurements of radon concentration, cosmic-rays intensity as well as gamma
radiation background through metodological approach evolved into consistent
continual monitoring.  Statistically significant results obtained by long-term
measurements, enriched by reliable simulation and analyzed using advanced analysis
tools clearly identify our Lab.
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MONTE KARLO SIMULACIJA FONA HPGE DETEKTORA OD
RADIONUKLIDA, KOSMICKOG I SKYSHINE ZRACENJA
Dimitrije MALETIC, Vladimir UDOVICIC, Dejan JOKOVIC, Radomir

BANJANAC, Aleksandar DRAGIC, Mihailo SAVIC, Nikola VESELINOVIC
Institut za fiziku, Univerzitet u Beogradu

SADRZAJ

U Niskofonskoj laboratoriji za Nuklearnu fiziku, vise godina se izucavaju osobine fona
HPGe detektora. Izucavanje fona vazno je za eksperimente sa malim brojem
interesantnih dogadjaja ili retkih procesa u podzemnim laboratorijama. Izucavanja
fona u Niskofonskoj laboratoriji zapoceta su izucavanjem fona zracenja od
radionuklida, kao i fona od kosmickog zracenja, koincidentnim tehnikama. Nedavno je
izucavan i fon od skyshine zracenja. U ovom radu je predstavljena Monte Karlo
simulacija fona HPGe detektora koji dolazi od pomenuta tri izvora zracenja. Rezultati
simulacija kosmickog zracenja odlicno se slazu sa eksperimentalnim rezultatima, dok se
za druge komponente mogu poboljsati. Postoji prednost simulacija koje daju razlozeni
fon na tri komponente, koja omogucava da se rezultati simulacija tri komponente fona
za jednu laboratoriju mogu simulirati za druge podzemne ili nadzemne laboratorije
menjanjem parametara u simulacionim programima. Fon se moze simulirati za
laboratorije koje mogu biti na razlicitoj geografskoj sirini, nadmorskoj visini, sa
razlicitim sastavom radionuklida u zemljistu i geometrijom laboratorije u kojoj se vrse
merenja. Predstavljeni su nedostaci simulacija i da se rezultati mogu poboljsati radeci
na detaljima u nekoliko faza simulacije.

1. UVOD

U Niskofonskoj laboratoriji za Nuklearnu fiziku u Institutu za fiziku Beograd, vrSe se
merenja komponenata zracenja prirodnog fona [1]. Prvenstveno se vr§e merenja gama
zracenja HPGe detektorom sa i bez olovne zastite, takodje se vrsi kontinualno merenje
mionske komponente kosmic¢kog zracenja koriS¢enjem plasticnih scintilatora povrSine od
po jednog kvadratnog metra, i to i u nadzemnoj i podzemnoj laboratoriji, kao i merenje
radona aktivnim i pasivhim metodama, prvenstveno u podzemnoj laboratoriji. Podzemna
laboratorija se nalazi 12 metara pod zemljom, §to se predstavlja kao da se merenja vrse
ispod vodenog absorbera visine od 25 metara, slika 1. Ekvivalencija je dobijena pozna-
vajuci sastav zemljiSta, odnosno lesa koji je karakteristi¢an za podruc¢je Zemuna. Pored
merenja, u ovom radu se koriste i Monte Karlo simulacije, koje sluze za poredjenje
simulacija sa eksperimentalnim rezultatima, ili sluze za izuCavanje pojedinih
komponenata fona. Monte Karlo simulacioni program koji se koristi je programski paket
Geant4 [2], razvijen za potrebe simulacije prolaska Cestica kroz materiju, odnosno za
simulaciju deponovane energije i odziva detektora. Geant4 programski paket je naj-
raSireniji programski paket za Monte Karlo simulacije i razvija se u CERN-u, prven-
stveno za potrebe eksperimenata iz Fizike elementarnih Cestica. Za simulacije kosmickog
zracenja koristi se programski paket CORSIKA [3] razvijen za potrebe eksperimenata
koji izu¢avaju mionsku i elektromagnetnu komponentu visokoenergetskih kaskada koje
se dobijaju upadom visokoenergetskih Cestica primarnog kosmickog zracenja koje
interaguje sa atmosferom Zemlje. Ovaj programski paket razvijen je za potrebe Kaskade
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eksperimenta u Tehnoloskom institutu Karlsruhe, u Nemackoj. Za potrebe koris¢enja oba
ova programa za namenu simulacija odgovora plasti¢nih scintilatora i HPGe detektora, u
Niskofonskoj laboratoriji je razvijen poseban interfejs program koji omoguéuje da se
rezultati CORSIKA simulacija koriste u Geant4 simulacijama detektora u Niskofonskoj
laboratoriji. Detaljno izu¢avanje prirodnog fona upotpunjeno je i simulacijama skyshine
zracenja. Skyshine gama zracenje do HPGe detektora dolazi ne direktnom linijom od
radionuklida iz zemljiSta i gradevinskog materijala, ve¢ odbijanjem i rasejanjem gama
zracenja od atome okolnog vazduha, tj. atmosfere. U Niskofonskoj laboratoriji je
izu¢avana meka komponenta gama spektra kojeg dobijamo merenjima HPGe detek-
torom, i zakljuceno je da ona dolazi dominantno od skyshine zrac¢enja, a manji deo od
kosmiCkog zraCenja [4]. Simulacije skyshine zracenja su veoma zahtevne u pogledu
komjuterskog vremena za simulacije, pa je pozeljno simulacije raditi na komjuterskim
klasterima.

Cilj ovog rada je predstavljanje eksperimentalnih rezultata fona HPGe detekora koji
dolazi od radionuklida, kosmic¢kog zracenja i skyshine zracenja, poredjenje sa Monte
Karlo simulacijama, i predstavljanje nacina kombinovanja ove tri komponente fona za
razli¢ita merna mesta.

Slika 1. Graficki prikaz preseka
Niskofonske laboratorije za Nuklearnu fiziku

2. EKSPERIMENTALNA POSTAVKA

Eksperimentalna postavka u podzemnoj i nadzemnoj laboratoriji je identi¢na i sastoji se
od HPGe detektora u olovnoj zastiti, koja je otvorena na gore, ili se kao ,,krov* stavljaju
tanki apsorberi, slika 2. Iznad HPGe detektora nalazi se plasti¢ni scintilator, koji koristi
kao veto zastita ako je postavljen u anti-koincidentnom modu, ili izdvaja komponentu u
HPGe detektoru koju dobijamo od kosmickog zracenja, ako je scintilator postavljen u
koincidentnom modu, $to je slu¢aj u ovom radu. Prikupljanje podataka se vrsi
analogno-digitalnom konverter karticom, koji zapise signala oba detektora Salje na
racunar. Potom se (off-line) vrsi koincidiranje signala i obradjuju rezultati.

3. MONTE KARLO SIMULACIJE

Simulacije pocinju programskim paketom CORSIKA, zadavanjem komponenata
primarnog kosmickog zrac¢enja koje upada na atmosferu Zemlje od 90% protona i 10%
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alfa Cestica. Ovo primarno kosmicko zracenje sudara se sa jezgrima atoma vazduha u
atmosferi i produkuje sekundarno kosmicko zraCenje, koje ima mionsku, elektro-
magnetnu i hadronsku komponentu koja se sastoji od protona, neutrona i rezultujuéih
jezgara koji brzo gube energiju u vazduhu. Kao parametri simulacija zadaje se nadmorska
visina na kojoj se nalaze detektori u Niskofonskoj laboratoriji, kao i geografska duzina i
Sirina laboratorije. Na ovaj nacin se za svako merno mesto zadaju razliciti parametri i
simulacija ima razli¢ite spektre za razli¢ita merna mesta (laboratorije). Potom se vrsi ili
simulacija Geant4 programskim paketom i to plasti¢nog scintilatora i HPGe detektora u

simulira odgovor plasticnog scintilatora i HPGe detektora u podzemnoj laboratoriji.

Slika 2. Prikaz postavke HPGe detektora i olovne zaStite otvorene na gore,
sa tankim apsorberom na vrhu

Skyshine simulacije se vrse programskim paketom Geant4. Kao ulaz u simulaciju, koristi
se pripremljeni set Cestica sa pripadaju¢om energijom koji dolazi iz zemlje i okolnog
materijala. Set Cestica se priprema tako S§to se prvo iz snimljenog eksperimentalnog
spektra HPGe detektora, uz poznavanje njegove krive efikasnosti, odredjuje odnos
intenziteta linija radionuklida iz okoline. Potom ovi podaci sluze za odredjivanje
frekvencije pojavljivanja Cestica zraenja od pojedinih radionuklida, Sto predstavlja ulaz
u Geant4 simulaciju (generator primarnih Cestica). Za nastavak simulacije, potrebno je
definisati dimenzije i polozaj zidova mernog mesta (laboratorije), kako bi se definisala
zapremina vazduha i polozaj zidova od kojih se zracenje radionuklida rasejava - §to je i
definicija skyshine zrafenja. Simulirani spektar HPGe detektora od radionuklida sa
uklju¢enim skyshine zraCenjem prikazan je na slici 3.

3. REZULTATI I DISKUSIJA

Monte Karlo simulacioni spektar HPGe detektora u koincidenciji sa scintilacionim veto
detektorom u nadzemnoj laboratoriji, koji je predstavljen u ovom radu, dobijen je u dva
koraka. Prvi korak se sastoji u simulaciji primarnog kosmickog zrac¢enja programskim
paketom CORSIKA do nadmorske visine laboratorije (sekundarno kosmicko zracenje).
Drugi korak je simulacija interakcije sekundarnog kosmickog zrafenja sa HPGe
detektorom, a koje ujedno prolazi i kroz veto detektor (koincidentni signal). Drugi korak
se simulira kori§¢enjem Geant4 programskog paketa. Simulacioni spektar HPGe detek-
tora u koincidenciji sa scintilacionim veto detektorom u nadzemnoj laboratoriji prikazan
je na slici 3, (crna boja, spektar sa nizim odbrojem), a odli¢no se slaze sa eksperimental-
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nim koincidentnim spektrom. Simulacioni spektar HPGe detektora koji sadrzi doprinos
od simulacije kosmickog zracenja i simulacije skyshine zracenja prikazan je na slici 3
(crvena boja, spektar sa visim odbrojem).

Slika 3. Simulacioni spektar HPGe detektora sa doprinosom kosmickog zracenja i
skyshine i samo doprinosom kosmickog zra¢enja — nadzemna laboratorija

Slicnost simulacionog i eksperimentalnog spektra u prikazanim prvim rezultatima nije
zanemarljiva. Iako simulacioni spektar u znacajnoj meri ne odgovara eksperimentalnom,
traba ista¢i da postoji dosta mesta za unapredjenje i popravku simulacije. Prvi rezultati
ohrabruju, i treba nastaviti sa detaljnijim simulacijama da bi se poboljsalo slaganje
eksperimenta i simulacije.

Nedostaci prvih rezultata simulacija odgovora HPGe detektora na skyshine simulacije u
velikoj meri dolaze od toga $to je odnos intenziteta linija odreden samo po maksimumu
linija a ne integralu linija, potom nedostaci dolaze od toga §to je kriva efikasnosti HPGe
detektora dobijena simulacijama tackastih izvora, zanemarujuci da zracenje dolazi iz cele
polu-sfere iznad detektora, slika 2. Potom nedostaci dolaze od toga $to je geometrija
laboratorijskih zidova i materijala bila veoma aproksimativna i pojednostavljena, kao i da
su u cilju ubrzavanja simulacija, kako bi se dobio prvi rezultat, odabrani pojednostavljeni
modeli niskoenergetskih interakcija u Geant4 programskom paketu.

4. ZAKLJUCAK

U ovom radu su prikazani prvi rezultati Monte Karlo simulacija odgovora HPGe
detektora na upadno kosmicko zracenje, doprinos od radionuklida iz okoline i doprinos
od skyshine zradenja. Rezultati simulacija kosmickog zracenja dobro se slazu sa
eksperimentalnim rezultatima. Prednost simulacija koje daju razlozeni fon na tri
komponente, omogucavaju da se rezultati simulacija neke od tri komponente fona za
jednu laboratoriju mogu koristiti za druge podzemne ili nadzemne laboratorije. Na
primer, ako je HPGe detektor sli¢an i nalazi se u sli¢noj zastiti ali drugoj laboratoriji moze
da se koristite postojeéi rezultati simulacija na doprinos od radionuklida i skyshine
visini moze se koristiti ista simulacija doprinosa od kosmickog zracenja. Delovi
simulacija koji ne mogu da se koriste ponovo, simuliraju se koristeéi iste simulacione
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programime samo sa modifikovanim parametrima (nadmorska visina, geometrija
laboratorije 1 dr.). Tako se fon koji dolazi od kosmickog zracenja moze simulirati za
laboratorije koje mogu biti na razli¢itoj geografskoj duzini i Sirini i nadmorskoj visini
menjanjem parametara u simulaciji CORSIKA programskim paketom). Ako laboratorije
imaju razlic¢it sastav radionuklida u zemljistu i razli¢itu geometriju laboratorije u kojoj se
vr§e merenja, simulira se modifikovanjem postavki Geant4 programa za simulaciju
HPGe detektora. U radu su predstavljeni nedostaci simulacija i nac¢inkako se rezultati
mogu poboljsati radeci na detaljima u nekoliko faza simulacije.
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MONTE KARLO SIMULATION OF HPGE DETECTOR
BACKGROUND COMING FROM RADIONUCLIDS, COSMIC AND
SKYSKINE RADIATION

Dimitrije MALETIC, Vladimir UDOVICIC, Dejan JOKOVIC, Radomir
BANJANAC, Aleksandar DRAGIC, Mihailo SAVIC, Nikola VESELINOVIC
Institute of Physics, University of Belgrade

ABSTRACT

In the Low Background Laboratory for Nuclear Physics background radiation of the
HPGe detector was researched. This research is important for experiments with small
number of interesting events or rare processes studied in underground laboratories.
The background radiation research started with research of background from
radionuclides and Cosmic rays using coincidence techniques. Recently, the skyshine
radiation was researched. In this paper the Monte Carlo simulation of HPGe
background is presented. Results for cosmic ray simulations agree very good with the
experimental results, and for others can be improved. The simulation for other ground
and underground laboratories can be done, by changing longitude, latitude and
elevation, composition of radionuclides in soil. The possible improvements of the
simulations are discussed.
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SADRTAIJ

Dobro je poznato da je jedan od faktora koji utice na varijabilnost radona u
zatvorenom prostoru spratnost stambenih zgrada. Imajuci u vidu cinjenicu da glavni
izvor radona u zatvorenim prostorijama potice iz zemljiSta, oCekuje se smanjenje
koncentracije radona na visim spratovima. Na visim spratovima dominantan izvor
radona potice od gral¥evinskog materijala, a u nekim slucajevima mote doéi do
odstupanja od ove opste utvrlene pravilnosti. S druge strane, varijabilnost radona zbog
spratnosti, posebno u velikim gradovima, sa mnogo vecim brojem visokih zgrada i
gustinom naseljenosti u porelv)?nju sa ruralnim sredinama, mote uticati na procenu
kolektivne doze koja potice od radona. U tom smislu, a u svrhu nasih istrativanja,
izabrali smo jednu tipicnu porodicnu kucu sa potkrovijem i jedan Sesnaestospratni
soliter. Merenje koncentracije radona u odabranim stambenim objektima izvrseno je sa
dva aktivna ureluja. Jedan je bio fiksiran u dnevnoj sobi u prizemlju, a drugi je menjao
poziciju po spratovima u stambenim zgradama. Svaki merni ciklus na datom spratu
trajao je sedam dana uz vreme uzorkovanja od dva sata. U ovom radu detaljno je
uraDea analiza dobijenih rezultata.

1. Uvod

Izvori radona u stambenim i poslovnim zgradama su, pre svega iz zemljista,
graTevinskog materijala i vode. S obzirom na prirodu nastanka i svih pomenutih izvora,
koncentracija radona je veSa u prizemnim prostorijama u odnosu na stanove na viSim
spratovima stambenih objekata. U literaturi se mote pronaSi dosta radova koji se bave
uticajem raznih faktora na nivo i varijabilnost radona u zatvorenim prostorijama, pa
izmeTu ostalih i uticajem spratnosti [1-4]. U slutaju velikih stambenih objekata sa
veSim brojem spratova, mote se uotiti odstupanje od opste pravilnosti, jer je na viSim
spratovima dominantan izvor radona graTevinski materijal, te se mogu uotiti povesane
koncentracije radona u odnosu na situaciju na nit im spratovima. U tom smislu, uraTena
su merenja radona u dva tipifna stambena objekta. Izbor zgrada je baziran na
rezultatatima iz monografije ,,Nacionalna tipologija stambenih zgrada Srbije—grupe
autora sa Arhitektonskog fakulteta [5]. S obzirom na specifitnosti gradnje u Srbiji, broj
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tipova zgrada je tako sveden na Sest kategorija, dve za porodifno stanovanje i tetiri
kategorije za kolektivno stanovanje; porodifno stanovanje: 1. slobodnostojesa kusa, 2.
kusa u nizu 1 kolektivno stanovanje: 3. slobodnostojeSa zgrada, 4. zgrada u nizu, 5.
zgrada u nizu tipa lamele (ponavlja se vise zgrada raTenih po istom projektu, zgrada sa
viSe ulaza...) 1 6. soliter (slobodnostojesa zgrada velike spratnosti). Pokazuje se da vise
od 97% svih stambenih zgrada tine samostojese poroditne kuse. TakoTe za sve
definisane tipove zgrada broj spratova se kreSe od jednog do osam, pri temu su
samostojeSe poroditne kuSe uglavnom prizemne (37%) ili prizemne sa potkrovljem
(26%), dok je veoma niska zastupljenost kusa koje imaju viSe od dva sprata (5%), sa
proset nom visinom poroditnih z grada od 1,4 [5].

2. Eksperimentalna postavka

Izabrana su dva stambena objekta, jedan iz grupe za porodi¢no stanovanje 1 jedan soliter
iz grupe za kolektivno stanovanje. Porodi¢na kuca (slika 1) ima karakteristican stil
gradnje u kome se kuca gradi vise godina uz konstantno dogradivanje i nadogradnju, §to
potencijalno moZe biti izvor ulaska radona u takve kuce. Kuca ima podrum i izgradena
je od standardnih materijala (cigla-blok, beton, malter). Na kraju je uradena i izolacija
koriS¢enjem stiropora debljine 5 cm. U kuéi su ve¢ vrSena viSegodiSnja merenja
koncentracije radona razli¢itim metodama, o ¢emu je do sada publikovano nekoliko
naucnih radova [6-8].

Slika 1. Tipi¢na porodi¢na kuéa u Beogradu.

Iz grupe stambenih zgrada za kolektivno stanovanje izabran je soliter na Novom
Beogradu (slika 2). IzgraTen je $ezdesetih godina proslog veka, blokovskog tipa. Soliter
ima podrum, dok se u prizemlju nalaze lokali 1 poslovne prostorije. Stanovi se nalaze od
prvog sprata pa navise. Soliter ima 16. spratova.
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Slika 2. Soliter na Novom Beogradu.

Vremenske serije merenih koncentracija radona u ispitivanim stambenim objektima
dobijene su pomosu dva aktivna ureTaja SN1029 i SN1030 (proizvoTata Sun Nuclear
Corporation). To su merni ureTaji jednostavne konstrukcije i primene u praksi. U sustini,
radi se o brojatu sa dodatkom senzora za merenje meteoroloskih parametara.
Nedostatak ureTaja je nemogusnost merenja koncentracije radona u zemljistu i vodi.
Operater mote podesiti vremenske sekvence od 0,5 do 24 sati. Jedan ciklus merenja
mot e trajati 1000 sati ili ukupno 720 vremenskih sekvenci (broj sukcesivnih merenja,
odnosno tataka u vremenskoj seriji). UreTaji su bili podeseni da rade u vremenskoj
sekvenci od 2 sata. Jedan je bio fiksiran u dnevnoj sobi u prizemlju, a drugi je menjao
poziciju po spratovima u stambenim zgradama. Svaki merni ciklus na datom spratu
trajao je sedam dana.

3. Rezultati i diskusija

Na slikama 3 i 4 su prikazani dobijeni rezultati merenja, kako vremenske serije tako i
usrednjene koncentracije radona u ispitivanim stambenim objektima za zadati ciklus
merenja od sedam dana.

S obzirom da je detektor koji je sve vreme stajao u prizemlju solitera pokazao neobitno
niske vrednosti za koncentraciju radona, uradili smo uporedno merenje sa drugim
detektorom u susednom, kao i u stanu u kome se nalazio fiksirani detektor. Dobijeni
rezultati pokazuju izvesnu razliku, ali s obzirom da se radi o domenu izrazito niskih
nivoa radona, pretpostavka je da su i merne nesigurnosti velike.
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Slika 4. Vremenske serije i srednja koncentracija radona po spratovima u soliteru.
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4. Zakljucak

Fodrum | ] " w

Slika 4. Nastavak.

Dobijeni rezultati pokazuju da je ponaSanje radona u dva razlitita stambena objekta
dijametralno suprotno. U poroditnoj kuSi je moguSe uotiti izrazite varijacije
koncentracije radona uz jednodnevnu periodiku. TakoTe, interesantan je odnos
koncentracije radona u prizemlju, u odnosu na podrum kuSe, koji je suprotan od
uobitajene situacije kod kusSa sa podrumom. Ovo inverzno ponaSanje mote se
protumat iti tinjenicom da podrum ne prekriva celo prizemlje ve§ njegov manji deo.
Ostali deo prizemlja je pokriven betonskom plotom kao podlogom, ali sa pukotinama i
loSim spojem sa zidovima predstavlja potencijalni izvor poviSenog radona. Kod solitera
je situacija suprotna i mot e se smatrati da ve$ od prvog sprata dominantan izvor radona
je graTevinski materijal. Tak se mote uotiti blagi rast srednje koncentracije radona na
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viSim spratovima. No, dobijeni rezultati u soliteru se mogu predvideti, a na osnovu rada
grupe autora koji su odredili interno izlaganje iz graTevinskog materijala, koji se koristi
u Srbiji, a koje potite od eshalacije radona i torona [9].
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Republike Srbije u okviru projekta pod brojem I1143002.

6. Literatura

[1]

2]

238

F. Bochicchio, G. Campos-Venuti, S. Piermattei, C. Nuccetelli, S. Risica, L.
Tommasino, G. Torri, M. Magnoni, G. Agnesod, G. Sgorbati, M. Bonomi, L.
Minach, F. Trotti, M.R. Malisan, S. Maggiolo, L. Gaidolfi, C. Giannardi, A.
Rongoni, M. Lombardi, G. Cherubini, S. D‘Ostilio, C. Cristofaro, M. Pugliese, V.
Martucci, A. Crispino, P. Cuzzocrea, A. Sansone Santamaria, M. Cappai. Annual
average and seasonal variations of residential radon concentration for all the
Italian Regions. Radiat. Meas. 40, 2005, 686-694.

H. Friedmann. Final Results of the Austrian Radon Project. Health Phys. 89(4),
2005, 339-348.

R. Borgoni, D. De Francesco, D. De Bartolo, N. Tzavidis. Hierarchical modeling
of indoor radon concentration: how much do geology and building factors matter?
J. Environ. Radioact. 138, 2014, 227-237.

M. Lorenzo-Gonzéalez, A. Ruano-Ravina, J. Peon, M. Piiieiro, J. Miguel
Barros-Dios. Residential radon in Galicia: a cross-sectional study in a radon-prone
area. J. Radiol. Prot. 37(3), 2017, 728-741.

M. Jovanovi§ Popovis, D. Ignjatovi§, A. Radivojevis, A. Rajtis, N. Sukovis
Ignjatovis, Lj. Bukanovi§, M. NediS. National Typology of Residential Buildings
in Serbia, Faculty of Architecture University of Belgrade, Belgrade, 2013, ISBN
978-86-7924-102-3.

V. Udoviti§, D. Maleti§, R. Banjanac, D. Jokovi§, A. Dragi§, N. Veselinovis, J.
Tivanovi§, M. Savi§, S. Forkapi§. Multiyear Indoor Radon Variability in a Family
House — a Case Study in Serbia. Nucl. Tech. Radiat. Protect. XXXIII (2), 2018,
174-179.

D. Maleti§, V. Udovitis, R. Banjanac, D. Jokovi§, A. Dragi§, N. Veselinovis, J.
Filipovi§. Comparison of multivariate classification and regression methods for
indoor radon measurements. Nucl. Tech. Radiat. Protect. 29,2014, 17-23.

J. Filipovis, D. Maleti§, V. Udoviti§, R. Banjanac, D. Jokovis, M. Savis, N.
VeselinoviS. The use of multivariate analysis of the radon variability in the
underground laboratory and indoor environment. Nukleonika 61(3), 2016,
357-360.

P. Ujis, L. Telikovis, A. Kandis$, 1. Vukanac, M. Purasevis, D. Dragosavac, Z. S.
Tunis. Internal exposure from building materials exhaling *’Rn and **’Rn as

compared to external exposure due to their natural radioactivity content. Appl.
Radiat. Isot. 68,2010, 201-206.



PagoH

INDOOR RADON DISTRIBUTION DUE TO FLOOR LEVEL IN
THE RESIDENTIAL BUILDINGS

Vladimir UDOVICIC', Nikola VESELINOVIC', Dimitrije MALETIC',
Radomir BANJANAC', Aleksandar DRAGIC', Dejan JOKOVIC',
Mihailo SAVIC', David KNEZEVIC' and Maja EREMIC-SAVKOVIC?
1) Institute of Physics Belgrade, University of Belgrade, Belgrade, Serbia,
udovicic@ipb.ac.rs, maletic@ipb.ac.rs, dragic@ipb.ac.rs, banjanac@ipb.ac.rs,
yokovic@ipb.ac.rs, veselinovic@ipb.ac.rs, msavic@ipb.ac.rs, davidk@ipb.ac.rs
2) Serbian Radiation and Nuclear Safety and Security Directorate, Belgrade,
Serbia, eremic.savkovic@srbatom.gov.rs

ABSTRACT

It is well known that one of the factors influencing indoor radon variability is the floor
level of residential buildings. Bearing in mind the fact that the main source of indoor
radon is from radon in soil gas, a radon concentration on upper floors is expected to
decrease. On the upper floors, the dominant source of radon originates from building
materials, and in some cases there may be deviations from this generally established
regularity. On the other hand, radon variability due to floor level, especially in large
cities, with a much larger number of high buildings and density of population compared
to rural areas, can affect the estimation of the collective dose derived from radon. In this
sense, and for the purpose of our research, we chose a typical family house with a loft
and sixteen high-rise building. Indoor radon measurements in selected residential
buildings were done with two active devices. One was fixed in the living room on the
ground floor, while the other was changing the position on the floors in residential
buildings. Each measuring cycle on the floor lasted for seven days with a sampling time
of two hours. In this paper, an analysis of the obtained results has been done in detail.
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PROCENA TEMPERATURSKOG PROFILA ATMOSFERE
NA OSNOVU DETEKTOVANOG FLUKSA KOSMICKIH
MIONA

Mihailo SAVIC, Vladimir UDOVICIC, Dimitrije MALETIC,
Aleksandar DRAGIC, Radomir BANJANAC, Dejan J OKOVIC,
Nikola VESELINOVIC i David KNETEVIC
Institut za fiziku u Beogradu, Institut od nacionalnog znat aja za Republiku Srbiju,
Beograd, Srbija, msavic@ipb.ac.rs, udovicic@ipb.ac.rs, maletic@ipb.ac.rs,
dragic@ipb.ac.rs, banjanac@ipb.ac.rs, yokovic@ipb.ac.rs, veselinovic@ipb.ac.rs,
davidk@ipb.ac.rs

SADRTAIJ

Uticaj atmosferskih parametara na intenzitet mionske komponente sekundarnog
kosmickog zracenja dobro je poznat. Dominantan doprinos varijaciji fluksa kosmickih
miona usled atmosferskih parametara daju dva meteoroloska efekta - barometarski
(usled varijacije atmosferskog pritiska) i temperaturski (usled varijacije temperature
atmosfere). Postoji vise teorijskih i empirijskih modela koji dobro opisuju ove
zavisnosti. Obicno se na osnovu ovih modela vrsi korekcija kako bi se eliminisala
varijacija fluksa kosmickih miona atmosferskog porekla.

Obrnuto, osetljivost mionskih detektora na varijacije atmosferskih parametara mote se
iskoristiti da se na osnovu poznatih parametara modela i poznatog odbroja kosmickih
miona odredi temperatura razlicitih nivoa atmosfere. U ovom radu ¢emo demonstrirati
ovaj pristup na osnovu podataka merenih mionskim monitorima Niskofonske
laboratorije za nukelarnu fiziku Instituta za fiziku u Beogradu i primenom empirijskog
modela meteoroloskih efekata, zasnovanog na tehnici dekompozicije na osnovne
komponente.

1. Uvod

Intenzitet pljuskova sekundarnog kosmitkog zratenja =zavisi od atmosferskih
meteoroloskih parametara. To se narofito odnosi na mionsku komponentu sekundarnog
kosmitkog zratenja. Dva efekta dominantno utitu na fluks sekundarnih miona:
barometarski koji opisuje antikorelaciju fluksa kosmitkih miona sa atmosferskim
pritiskom [1] 1 temperaturski koji se odnosi na uticaj varijacije atmosferske temperature
na detektovani intenzitet miona [2].

Osim fundamentalnog, detaljno poznavanje meteoroloskih efekata ima znataj u
proceduri korekcije na date efekte, {ime se poveSava osetljivost zemaljskih detektora
kosmitkog zratenja na varijacije neatmosferskog porekla. Alternativno, dobar model
meteorologkih efekata bi u principu omogusio predviTanje atmosferskih parametara na
osnovu merenja fluksa miona. Ovo je potencijalno znatajno za odreTivanje temperatura
pojedinih slojeva atmosfere u slut aju da su druge metode nedostupne.

Postoji vise predlotenih metoda za predikciju atmosferskih meteoroloSkih parametara
na osnovu merenja intenziteta kosmitkog zratfenja zemaljskim detektorima. Mogu se
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bazirati na merenju razlititih komponenti fluksa kosmitkih miona [3, 4], simultanom
merenju neutronske i mionske komponente [5] ili upotrebi mionskog teleskopa
sposobnim da meri ugaonu distribuciju intenziteta [6]. Sve pomenute metode
karakteride relativna kompleksnost eksperimentalne postavke i analize. TakoTe,
zajednit ko svim pomenutim metodama je da se u proceduri odreTivanja atmosferskih
temperatura oslanjaju na teorijski izratunate koeficijente za opisivanje zavisnosti
inenziteta miona od temperaturskog profila atmosfere. Ovaj pristup ima odreTenih
ogranitenja usled nutno aproksimativnog karaktera i neprilagoTenosti konkretnom
detektorskom sistemu.

U ovom radu, mi Semo demonstrirati upotrebljivost jednostavnije eksperimentalne
postavke i primenu empirijskog modela meteorologkih efekata na odreTivanje
temperaturskog profila atmosfere.

2. Eksperimentalni podaci i obrada

U Niskofonskoj laboratoriji za nuklearnu fiziku Instituta za fiziku u Beogradu mionski
fluks se meri kontinualno od 2009. godine, na nivou zemlje i na dubini od 25 m.w.e.
Eksperimentalna postavka se sastoji od scintilacionog detektora i sistema za akviziciju.
Detektor je plastitni scintilator dimenzija 100cmXx100cmx5cm sa  tetiri
fotomultiplikatora postavljena na SoSkove. U srcu sistema za akviziciju nalazi se brzi
analogno-digitalni konverter sposoban da u realnom vremenu precizno odreTuje vreme
detekcije 1 amplitudu signala [7]. U ovoj analizi kori$Seni su podaci snimljeni
detektorom na nivou zemlje u periodu od 01.06.2010. do 31.05.2011. godine.

Za opisivanje meteoroloskih efekata na kosmitke mione, u okviru Niskofonske
laboratorije razvijen je empirijski model baziran na tehnici dekompozicije na osnovne
komponente (Principal Component Analisys - PCA) [8]. Metod se zasniva na ideji da se
u analizi meteoroloskih efekata sa skupa visoko korelisanih meteoroloskih parametara
prefe na skup linearno nezavisnih promenljivih, kao i potencijalno smanji
dimenzionalnost problema zadrtavanjem samo statistitki znatajnih osnovnih
komponenti u analizi. Koeficijenti zavisnosti detektovanog odbroja miona od tako
odreTenih osnovnih komponenti su pouzdaniji, jer su manje podlotni statistitkim
fluktuacijama. Ovde Semo primeniti ovaj model kako bismo na osnovu odbroja miona
merenog u nadzemnoj laboratoriji odredili temperature razlit itih nivoa atmosfere.

Neka je Cy matrica tipa nxm koja predstavlja m merenja n razlifitth meteoroloskih
parametara. Dekompozicijom na osnovne komponente se sa skupa n meteoroloskih
varijabli prelazi na skup n osnovnih komponenti, {ije vrednosti su reprezentovane
matricom Cy, takoTe tipa nxm. Ova relacije se mot e prestaviti jednat inom:

Cy= PCX, (1)

gde je P matrica transformacije {iji redovi predstavljaju kompoziciju osnovnih
komponenti.

Na slici 1 prikazana je kompozicija prvih 9 osnovnih komponenti. Na x-osi su
meteoroloske promenljive: pritisak, temperature 24 izobarna nivoa (10, 20, 30, 50, 70,
100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900,
925 1 975 mb) 1 temperatura na nivou tla. Na y-osi su prikazane vrednosti kosinusa
uglova rotacije pri prelasku sa skupa meteoroloSkih varijabli na skup osnovnih
komponenti.
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Na osnovu stitistitke 1 korelacione analize zakljuteno je da su za meteoroloske efekte
od znat aja samo pet osnovnih komponenti, i to komponente 1, 3,4, 516 [8].

Zavisnost varijacije detektovanog odbroja miona od ovih komponenti, usled
meteoroloskih efekata, data je jednatinom:

& Nle= ) ,kPC,, i=13,456 @)
gde su PC; osnovne komponente a k; odgovarajusi koeficijenti.

Pomosu ove relacije u principu je moguse proceniti vrednosti osnovnih komponenti na
osnovu poznatog odbroja.

Dalje, transformisusi jednatinu 1 kao:

C=P'C=PC, 5

na osnovu procenjenih vrednosti osnovnih komponenti sada je moguSe odrediti
procenjene vrednosti meteoroloSkih parametara.
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Slika 1. Kompozicija prvih devet osnovnih komponenti. Na x-osi su meteoroloske
promenljive: pritisak, temperature 24 izobarna nivoa (10, 20, 30, 50, 70, 100, 150, 200, 250,
300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800, 850, 900, 925 i 975 mb) i temperatura
na nivou tla. Na y-osi su prikazane vrednosti uglova rotacije.

3. Rezultati i diskusija

Za pomenuti referentni period odreTeni su koeficijenti u jednatini 2, uzimajusi u obzir
samo geomagnetno mirne dane [8]. Pomosu ovako odreTenih koeficijenata i merenog
odbroja odreTene su procenjene vrednosti za pet signifikantnih osnovnih komponenti za
ceo referentni period. Zatim su na osnovu jednatine 3 odreTene procenjene vrednosti
meteoroloskih parametara. Na slici 2 prikazane su vremenske serije merenih 1
procenjenih vrednosti meteoroloskih parametara za izabrane izobarne nivoe.
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Zbog preglednosti, prikazani su grafici za { etiri razlif ita nivoa. Kao referentni izabrani su
nivoi od 30 mb (stratosfera), 150 mb (tropopauza/gornja troposfera), 350 mb (troposfera)
1975 mb (u blizini zemlje). Na plotovima crvenom linijom prikazane su merene vrednosti
a svetlo zelenom vrednosti procenjene na osnovu merenog odbroja miona. TakoTe, kako
bi se dala jasnija slika 1 smanjio efekat fluktuacija merenog odbroja, vremenska serija
predvidjenih vrednosti je smutovana (smoothing) i prikazana na graficima tamno
zelenom bojom.

Na slici 3 prikazana je raspodela razlika merenih i1 procenjenih vrednosti meteoroloskih
parametara.

Osim analize vremenskih serija, jo§ jedan kriterijum za odreTivanje efikasnosti
predviTanja temperature pojedinih nivoa mogao bi biti na osnovu §irine prikazanih
raspodela. MeTutim, varijacija temperatura razlit itih nivoa nije ista tako da ovo mot e dati
nepotpunu sliku. Stoga su u tabeli 1 prikazane vrednosti standardnih devijacija ovih
raspodela, standardnih devijacija merenih vrednosti, kao i relativan odnos ove dve
velitine koji daje bolji uvid u efikasnost predikcije temperatura pojedinih nivoa
atmosfere.

tan tlsﬂ

[
|

4 3 B & kB & &
|
—
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Slika 2. Vremenske serije merenih i procenjenih vrednosti meteoroloskih parametara za
izobrne nivoe od 30, 150, 350 i 975 mb. Merene vrednosti - crvena linija, procenjene -
svetlo zelena linija i smutovane procenjene - tamno zelena linija.

Na osnovu predstavljenih grafika i tabela motemo videti da se najbolje slaganje dobija
za sloj atmosfere od 300 do 600 mb. Nesto slabije slaganje dobija se za nivoe u blizini
tla, §to je u skladu sa kompleksnijom dinamikom temperatura u ovih slojevima, kao i za
slojeve od 100 do 200 mb, u kojima dominantno dolazi do produkcije miona. Ovaj
drugi podatak je mogusa posledica tinjenice da je za mione detektovane na povrsini
zemlje znatajniji negativni temperaturski efekat, asociran sa jonizacionim gubicima i
verovatnoSom raspada miona u nitim slojevima atmosfere, dok pozitivni temperaturski
efekat u vezi sa verovatno§om nastanka miona u sloju izmeTu 100 i 200 mb ima manji
doprinos. Najslabije slaganje dobija se za neke od nivoa u stratosferi i tropopauzi, sto se
mote videti na primeru temperature nivoa od 30 mb koji je u znagajnom delu godine
antikorelisan sa procenjenom temperaturom. Ovo je motda uslovljeno manjim
varjjacijama temperature na ovim nivoima kao 1 tinjenicom da postoji znafajna
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varijacija temperature ovih nivoa koja nije korelisana sa intenzitetom kosmif kih miona,
sadrt ana u osnovnoj komponenti 2 (slika 1).
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Slika 3. Raspodela razlika merenih i procenjenih vrednosti meteorolo$kih parametara za
izobarne nivoe od 30, 150, 350 i 975 mb.

Tabela 1. Standardna devijacija raspodela razlika merenih i procenjenih vrednosti
(o), raspodele vrednosti merenih temperatura (o) i relativan odnos ove dve
vrednosti (c,/0).

tho tao t30 tso t7o tioo | tiso | tao | faso | fso0 | fsso | Ta0o

6. |9,314(5,246|6,029 | 3,645 (3,940 | 4,032 | 5,834 | 7,455 5,761 | 5,679 | 6,066 | 6,297
o |7,15414,844 3,669 |3,320(2,862|3,055|4,012 5,754 5,111 |5,6586,237 | 6,460
o./c. | 1,302 1,083 (1,643 (1,098 |1,377|1,320|1,454|1,296 | 1,127 | 1,004 | 0,973 | 0,975
t450 ts00 tss0 ts00 tes0 t700 t750 t300 tss0 too0 to2s t975 | teround
6,386 | 6,415 | 6,389 | 6,387 | 6,504 | 6,863 | 7,340 | 8,085 | 8,985 (9,956 | 10,40 | 10,97 | 11,20
6,518 16,510 6,466 | 6,415|6,428 | 6,616 | 6,841 | 7,253 | 7,793 | 8,456 | 8,810 | 9,444 | 9,523
0,980 | 0,985 (0,988 [ 0,996 | 1,012 | 1,037 | 1,073 | 1,115 | 1,153 | 1,177 | 1,181 | 1,161 | 1,176
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4. Zakljuéak

Preliminarna analiza je pokazala da postoji dosta dobro slaganje merenih i procenjenih
atmosferskih temperatura za vesSi broj nivoa. Procenjene temperature imaju uglavnom
konzistentne vremenske serije i dobro opisuju godisnju varijaciju. Najbolje slaganje sa
merenim vrednostima dobija se u viSim slojevima troposfere. Stoga, prikazani rezultati
predstavljaju dobru polaznu osnovu za dalju analizu.

5. Zahvalnica
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ATMOSPHERIC TEMPERATURE PROFILE ESTIMATION
BASED ON MEASURED COSMIC RAY MUON FLUX
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ABSTRACT

The effect of atmosphetic parameters in secondary cosmic ray muon component is well
known. This is mainly through two dominant meteorological effects - barometric (due to
atmospheric pressure variation) and temperature (due to atmospheric temperature
variation). There are several theoretical and empirical models that describe these effects
well. Usually this knowledge is used to correct for secondary cosmic ray variations due to
atmospheric effects.

Alternatively, once model parameters are established, sensitivity of cosmic ray muon
detectors to variations od atmospheric origin can be used to estimate temperatures for
different layers of the atmosphere. In this work we will demonstrate this procedure using
cosmic ray data measured in Low Background Laboratory for Nuclear Physics at Institute
of Physics Belgrade, combined with parameters of empirical model for meteorological
effects based on principal component analysis.
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SIMULACIJA PRODUKCIJE NEUTRONA MIONIMA 1Z KOSMICKOG
ZRACENJA U OLOVNOJ ZASTITI GERMANIJUMSKOG DETEKTORA

Dejan JOKOVIC, Dimitrije MALETIC, Vladimir UDOVICIC,
Radomir BANJANAC, Aleksandar DRAGIC, Mihailo SAVIC,
Nikola VESELINOVIC i David KNEZEVIC
Institut za fiziku u Beogradu, Univerzitet u Beogradu, Beograd, Srbija,
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dragic@ipb.ac.rs, msavic@ipb.ac.rs, veselinovic@ipb.ac.rs, davidk@ipb.ac.rs

SADRZAJ

Zbog svojih osobina, olovo se wuobicajeno koristi kao materijal za zastitu
germanijumskih detektora. Mioni iz kosmickog zracenja u interakcijama sa olovom
proizvode sekundarno zracenje, koje doprinosi ukupnom fonu detektora. Znacajan deo
ove komponente fona cine neutroni proizvedeni u interakcijama miona u olovnoj zastiti.
Neutroni mogu biti poseban problem u eksperimentima u dubokim podzemnim
laboratorijama. U podzemnoj laboratoriji u Institutu za fiziku u Beogradu,
germanijumski detektor, koji se nalazi u olovnoj zastiti, moze raditi u koincidenciji sa
mionskim detektorom. U ovom rezimu rada mogu se proucavati razliciti efekti u
germanijumskom detektoru izazvani mionima, posebno efekti koji poticu od neutrona
proizvedenih mionima. Ovde su predstavijeni rezultati Geant4 simulacija produkcije
neutrona u olovu mionima iz kosmickog zracenja. Rezultat ovih simulacija je procena
prinosa neutrona — broja proizvedenih neutrona u olovu po jedinici duZine puta — u
interakcijama miona. Pored toga, odredena je raspodela multipliciteta neutrona, kao
broja proizvedenih neutrona u jednoj interakciji.

1. Uvod

U eksperimentima u kojima se traze retki dogadaji glavni problem je redukcija fonskog
zracenja. Zato se ovi eksperimenti vrSe u podzemnim laboratorijama, gde je fon u
odnosu na povrSinu Zemlje znatno nizi. Medutim, mioni iz kosmickog zracenja su
veoma prodorne Cestice, prisutne i u dubokim podzemnim laboratorijama, 1 zato Cine
vazan izvor fonskog zraCenja u ovakvim osetljivim eksperimentima. Poseban problem
je mionima indukovano sekundarno zraCenje u detektorima i njihovoj okolini
(detektorskoj zastiti, zidovima, itd). ZnaCajan doprinos fonu potice od neutrona
proizvedenih u interakcijama miona sa materijalom u okolini detektora [1].

U Niskofonskoj laboratoriji Instituta za fiziku u Beogradu intenzitet kosmickog zracenja
kontinuirano se meri od 2002. godine [2,3]. Geografski poloZaj laboratorije je takav da
se kosmicko zracenje koje se detektuje u osnovi sastoji od mionske tvrde komponente,
uz izvestan procenat meke elektromagnetne komponente. Laboratorija se sastoji od
nadzemnog 1 plitko ukopanog podzemnog dela na dubini od 12 m ispod povrSine.
Zemljiste (les) iznad podzemne laboratorije ima gustinu priblizno 2,0 g/cm® — efektivni
apsorpcioni sloj iznosi priblizno 25 hg/cm® (25 m.w.e.). Na toj dubini prisutna je
prakticno samo mionska komponenta kosmic¢kog zracenja. Zbog svojih niskofonskih
karakteristika, laboratorija je osposobljena za izucavanja razlicitih pojava generisanih
kosmickim zracenjem, pre svega dogadaja indukovanih mionima iz kosmickog zracenja
u germanijumskim detektorima, kao i1 u pasivnoj zastiti detektora.

U podzemnoj laboratoriji nalazi se HPGe detektor deklarisane aktivne zapremine
149 cm’ i relativne efikasnosti 35 %. Podzemna pozicija detektora, zajedno sa olovnom
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zaStitom debljne 12 cm, daje znacajno smanjenje fonskog zraCenja. Pored pasivne
zaStite, za aktivnu veto zaStitu germanijumskog detektora mogu se koristiti postojeci
scintilacioni detektori kosmiCkog zracenja. Plasticni scintilacioni detektor nalazi se
neposredno iznad olovne zastite; dimenzije detektora su 100 cm x 100 cm X 5 cm. Oba
detektora — HPGe i scintilacioni — vezani su za analogno-digitalni konvertor, koji
omogucava snimanje i ¢uvanje svih detektovanih dogadaja. Svi dogadaji analiziraju se
off-line. Uz odgovarajuce selekcione kriterijume mogu se izdvojiti svi koincidentni i/ili
antikoincidentni dogadaji u scintilacionom i HPGe detektoru [4,5].

Slika 1. Ekperimentalna konfiguracija u podzemnoj laboratoriji: scintilacioni
detektori (1,2) i germanijumski detektor u olovnoj zastiti (3).

Prvi rezultati merenja produkcije neutrona mionima iz kosmickog zracenja u olovnoj
zastiti HPGe detektora objavljeni su 2013. godine. Podaci su snimani tokom vise od 400
dana merenja, u koincidentnom rezimu rada scintilator-HPGe detektor. Analizom ovih
podataka dobijen je rezultat za fluks neutrona proizvedenih mionima, na dubini naSe
podzemne laboratorije [6]. Merenja su kontinuirano nastavljena, sa ve¢om statistikom
snimljenih dogadaja; analiza ovih podataka je u toku. Pored eksperimentalnih merenja,
uporedo su uradene Monte Carlo simulacije produkcije neutrona u olovnoj zastiti,
bazirane na Geant4 framework-u. Ovde su predstavljeni prvi rezultati simulacija:
procena prinosa neutrona (broj neutrona po jedinici duzine) u interakcijama miona, kao
i raspodela multipliciteta proizvedenih neutrona.

2. Metod

Geant4 je softverski paket za Monte Carlo simulacije transporta i interakcija Cestica sa
materijom [7]. On sadrZi kompletan alat za modelovanje geometrije detektora, fizickih
procesa, primarnih i sekundarnih dogadaja, kao i odziva detektora. Na osnovi Geant4
platforme razvijena je posebna aplikacija za simulacije odziva germanijumskog i
scintilacionih detektora u laboratoriji. Aplikacija je fleksibilna i omogucuje simulacije
pojedinacnih i koincidentnih rezima rada detektora. Prethodno je koriS¢ena u razli¢itim
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sluCajevima koji su zahtevali precizne simulacije scintilacionih i germanijumskih
detektora [2,4,8,9].

Olovna zastita je geometrije Supljeg cilindra, unutar kojeg se nalazi germanijumski
detektor. Visina cilindra je 51 cm, pre¢nik osnove 41 cm, a debljina olovnog zida je 12
cm. Detektor je konstruisan prema specifikaciji proizvodaca. Skica detektora i olovnog
cilindra prikazana je na slici 2.

Slika 2. Skica olovne zaStite germanijumskog detektora.

Primarni dogadaji generisani su definisanjem incidentne Cestice, njene pozicije, pravca
kretanja 1 energije. Incidentne Cestice su pozitivni 1 negativni mioni; odnos broja
pozitivnih 1 broja negativnih miona je 1,3. PoCetne pozicije miona na povrsini olovnog
cilindra odredene su na slede¢i nacin: prvo se odabere gornja horizontalna strana ili
vertikalna strana cilindra, prema verovatno¢i da kosmicki mion pogodi horizontalnu ili
vertikalnu stranu, a zatim se odabere pozicija na datoj povrSini iz uniformne raspodele.
Pravac kretanja miona sempliran je iz raspodele miona po pravcima, u funkciji od
zenitnog ugla 6, koja je proporcionalna cos'°@. Energija miona odredena je iz
energijske raspodele miona na povrSini Zemlje, pri ¢emu se uzimaju oni mioni koji
uspeju da produ kroz 12 m zemljiSta. Detaljnija procedura generisanja primarnih
dogadaja 1 izvodenje raspodele miona po pravcima i energijama moze se videti u [4].
Fizi€ki procesi u kojima u€estvuju mioni — elektromagnetni i nuklearni — ukljuceni su u
simulaciju kroz predefinisanu Geant4 klasu QGSP_BERT HP; ova klasa omogucava
simulacije interakcija Cestica sa velikom precizno$cu.

3. Rezultati i diskusija

Prvi cilj simulacije bio je da se odredi broj proizvedenih neutrona u interakcijama miona
sa jezgrima olova, po jedinici duZine puta, pri njithovom prolasku kroz olovnu zastitu
germanijumskog detektora. Generisanih primarnih dogadaja bilo je 10%; ovaj broj moze
biti povezan sa vremenom eksperimentalnih merenja, uzimaju¢i u obzir fluks miona u
podzemnoj laboratoriji.

Ukupan broj proizvedenih neutrona bio je 934 000. Odavde je odreden prinos neutrona,
kao odnos broja neutrona i proizvoda gustine olova i srednje duzine puta miona kroz
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olovo. Srednja duzina puta miona je 26,6 cm, a proizvod gustine olova i srednje duzine
puta iznosi 302 g/cm’. Dobijena vrednost za prinos neutrona je 3,1 x 10 neut./(gem™).
Pored prinosa neutrona, odredena je raspodela multipliciteta neutrona — broja neutrona
proizvedenih u interakciji jednog miona sa olovom. Mion moze proizvesti vise od
jednog neutrona na svom putu kroz olovo, $to za rezultat ima vise neutronskih fonskih
dogadaja u detektoru koji poti¢u od jednog miona. Dogadaji su vremenski razdvojeni,
odnosno detektuju se sa vremenskim razmakom, u zavisnosti od trenutka i mesta
produkcije neutrona. Ovi dogadaji registruju se u detektoru kao signali sa vremenskim
kasnjenjem, unutar definisanog vremenskog prozora mionskog dogadaja. To moze
posluziti za selekciju fonskih dogadaja koji poticu od neutrona indukovanih mionima.
Raspodela multipliciteta neutrona prikazana je na slici 3. Najvec¢i broj miona proizvede
manje od 10 neutrona u kaskadi, dok srednji multiplicitet neutrona iznosi 11,5. Dobijena
raspodela slaZe se sa rezultatima ranijih slicnih simulacija [10].

6000

T
‘neu_mult.dat'

5000 |

4000 -

3000 |

2000 |-

1000 |-

0

0 1‘0 zlo ;o Alo ‘s’o = ;0 muItii)Iicitet neutrona
Slika 3. Raspodela multipliciteta neutrona proizvedenih mionima iz kosmickog
zracenja u olovnoj zasStiti HPGE detektora.

Rezultati simulacije pokazali su da ovaj metod moze biti koristan za procenu produkcije
neutrona mionima iz kosmic¢kog zraenja. On moze dati detaljniji uvid u mehanizam
produkcije neutrona. Osim toga, rezultati simulacije mogu pomo¢i u analizi podataka
eksperimentalnih merenja, njthovom boljem razumevanju i evaluaciji.
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ABSTRACT

Lead is usually used as a common shielding material for germanium detectors. Cosmic
ray muons produce secondary particles in their interactions with lead nuclei, which
contribute to overall background radiation detected by germanium detectors. Neutrons
produced in muon interactions in lead shield make a significant part of this background
component. Cosmi ray induced neutrons are a particular problem in experiments carried
out in deep underground laboratories.

In the low-level underground laboratory at Institute of Physics Belgrade, a germanium
detector and a muon detector operate in conicidence. This provides studying of different
effects in the germanium detector induced by cosmic rays, especially effects originated
from the cosmic ray induced neutrons.

Here, the results of Geant4 simulations of the cosmic ray muon induced neutron
production in the lead shield of the germanium detector are presented. Estimate of the
neutron yield — number of neutrons produced per unit path length — in muon interactions
is obtained. The result is 3.1x10 neutrons/(gcm™?). Also, the neutron multiplicity
distribution is determined, as a distribution of number of neutrons produced per muon
interaction. The average multiplicity is 11.5.
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