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In the Belgrade shallow depth underground location (25 m.w.e.), the detected cosmic ray muons originate from primary particles with energies less sensitive to solar modulation. We
investigate the possibility of utilizing measurements at the shallow depth for the study of muons and processes to which these muons are sensitive. For this purpose a series of simulations
of muon generation and propagation is done, based on the CORSIKA air shower simulation package. Coincidence techniques were used to fix more restrictive work conditions and to
select only particular classes. Use of coincidence techniques gives the possibility to investigate several aspects of the cosmic radiation which cannot be explored simply by means of
inclusive measurements. Also, simulation of lateral distribution of muons show good agreement with experimental data from the Belgrade underground cosmic ray station.

The Belgrade cosmic ray laboratory.
The low-level and cosmic ray laboratory is located at 78 m a.s.l., at latitude 44° 51' N

and longitude 20° 23" E. Geomagnetic latitude is 39° 32' N and geomagnetic vertical
rigidity cut-off is 5.3 GV. It consists of a ground level part of the laboratory (GLL) and

underground part of the laboratory (UL) dug at the 12-meter shallow depth (equivalent to
25 m.w.e). At this depth practically only the muonic component of shower is present.
The cosmic ray muon intensity is measured by means of plastic scintillation detectors,
which are placed both in the GLL and UL. The experimental set-up is rather flexible,
thus allowing different studies of the muon and electromagnetic components of cosmic
rays at the ground level and at the shallow depth underground. These measurements

yielded the precise values of the integral cosmic ray muon flux at the location of
Belgrade - measured muon flux is: 137(6) m™s™ at the ground level and 45(2) m™“s™ at

the underground level. Different analyses of time series of these measurements have also
been performed.

Simulation.

Simulations of cosmic ray air showers at the GLL and UL sites have been done using
Monte Carlo simulation packages CORSIKA and Geant4. For the UL part of laboratory
only those muons with energy sufficient enough to survive passage through ground are

taken into consideration. Because of high ratio of protons in composition of cosmic rays,
particles used in the simulation were protons with energy range from 10° eV to 10 eV.
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Lateral distribution.

Dependence of coincidence counting rate of cosmic ray events on the separation between
scintillators have been studied both in the ground level and in the underground sites. We
find that integral of coincidence spectrum in the GLL and UL as a function of detector
separation shows steepening with depth. The much narrower distribution underground is
the result of the harder cosmic ray muon spectrum and of the different radiation and
attenuation lengths as well as of the geometry of the medium where the showers are
produced. Furthermore, the ratio of the intensities of these distributions on the surface and
in the underground are roughly twice the ratio of cosmic ray muon intensities at the two
locations.
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Experimental lateral distribution of cosmic ray coincidence
counting rate at the ground level and in the underground.

Behaviour of lateral distribution similar to that observed in experimental results is found in
| the Monte Carlo simulation of air showers. A number of qualitative conclusions can be
| derived. Steeper lateral distribution in the underground than at the surface is due to larger
.‘; | threshold in muon energy spectrum. As the energy of the primary protons increases so the
\ |’ "' JM, ( ’ lateral distribution of muons ste.epens, because more energetic. muons tend to cluster
M i il ||u‘| N Ji‘ w !' l« ,.f J i around shower core. Moreover, primary protons with higher energies produce more muons
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of muons which hit the ground level and underground detectors.
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0.01 Conclusion.
Using simulation packages for muon propagation for the Belgrade shallow underground
- ' laboratory based on coincidence techniques shows advantages compared with inclusive
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0 25 50 75 100125 150 175 200 225 250 275 300 325 350 375 400 measurements. Further studies will show is this method is useful enough for studying
E  (GeV) cosmic rays of particular classes and also will help to find an optimum detector
primary

configuration for extending the energy range of cosmic rays as much as possible for a
given site. Because of small ratio between multiple and single events experimental
verification of this conclusion can be difficult.

Differential response functions for single and coincidence
muons at the ground level and in the underground.
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