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WILLI-EAS, a detector for observing atmospheric and EAS muons

ILIANA BRANCUS1, BOGDAN MITRICA1 , ALEXANDRA SAFTOIU1 , MIREL PETCU1, HEINIGERD REBEL2, ANDREAS
HAUNGS2 , OCTAVIAN SIMA3, DENIS STANCA1 , GABRIEL TOMA1 , MARIN DUMA1

1National Institute of Physics and Nuclear Engineering, Bucharest, Romania
2Karlsruhe Institute of Technology, Campus North, Institut fur Kernphysik, Karlsruhe, Germany
3Department of Physics, University of Bucharest, Bucharest, Romania
mitrica@nipne.ro

Abstract: The central part of WILLI - EAS is a compact calorimeter type detector set up for measuring the inclusive
flux and the charge ratio of atmospheric muons in various directions of muon incidence. A mini array EAS is added and
going to be operated for registering extensive air showers in order to study the muon charge ratio in EAS as affected
by the geomagnetic field. The observed muon charge ratio measured for incident muons with energy < 1 GeV exhibits
a pronounced azimuthal asymmetry (East-West effect) due to the different influence of the geomagnetic field on the
trajectories of positive and negative muons in air. The flux measurements performed with the WILLI detector, taking into
account muon events with energies > 0.4 GeV, show a diurnal modulation of the muon flux. The analysis of the muon
events for energies < 0.6 GeV reveals an aperiodic variation of the muon flux. The WILLI detector has been extended to
WILLI-EAS with 12 detector stations arranged as an rray. Simulations studies of the muon charge ratio for the correlated
EAS, (initiated by H and Fe primaries, with energies in a range 1013 eV - 1015 eV), show detailed effects of the direction
of EAS incidence relative to the geomagnetic field, depending, in particular, of the primary mass.
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1 Introduction

The muons are a prominent EAS component, important as
muons are deeply penetrating long living particles and have
features informing about energy and nature of the paren-
t primary cosmic rays. In IFIN-HH Bucharest a WILLI
-EAS detection system has been set up [1] in IFIN-HH
Bucharest, (44◦26′ N latitude, 26◦04′ E longitude and sea
level), in collaboration with KIT, Germany, to measure and
to study the muon flux and the charge ratio (the ratio of the
positive to negative muons) in EAS, following the sugges-
tions and theoretical studies in Refs. [2, 3].
Figure 1 displays a geometrical layout of the WILLI-EAS
array, with a figure of the WILLI detector for measuring the
muon charge ratio (in the upper left corner) [4] and with a
description of the unit of the mini-array for detecting the
shower event (in the lower right corner) [5].
The simulations of the muon flux have been performed us-
ing CORSIKA [6] and GEANT [7] codes.

2 The WILLI detector

The WILLI detector [4] is a modular system consisting of
16 scintillator layers for recording the energy and the time
signature of the muon, and 4 scintillator modules, on each

side of the stack, acting as anticounters. A module is made
of 1 cm Al plate and a plastic scintillator (NE 114) of 90×
90× 3 cm3.
We use a method to determine the muon charge ratio by
measuring the lifetime of the muons stopped in the mat-
ter, overcoming the uncertainties appearing in the measure-
ments using magnetic spectrometers, which are affected by
systematic effects at muon energies less than 1 GeV, due to
problems in the particle and trajectory identification (under
the influence of the Earth’s magnetic field).

2.1 Vertical measurements of muon charge ratio

In the beginning, the measurements have been performed
with vertical acceptance of the WILLI detector. Results are
shown in Figure 2 [8], in comparison with other data. D-
ifferent from the CAPRICE measurements [9] at different
geomagnetic cutoff, using a magnetic spectrometer, our da-
ta show reduced systematic errors due to a very good muon
identification.
Figure 3 presents a comparison of the muon charge ra-
tio measured for vertical muons and for muons measured
with the WILLI detector inclined at 45◦, separately in the
East and West directions, displaying a good agreement with
simulation predictions [10].

Vol. 4, 22



BRANCUS et al. WILLI-EAS

Figure 1: The WILLI-EAS detector system [1], composed by the WILLI detector (in the upper left corner) and a mini
array of 12 stations with plastic scintillators (detail of one detection station in the lower right corner).

Figure 2: Muon charge ratio at the sea level for near-
vertical direction of incidence [8].

Figure 4 displays the azimuthal dependence of the muon
charge ratio for muons with inclined incidence of mean val-
ue of 35◦, and a mean momentum 0.5 GeV/c [11]. The
measurements show a pronounced East-West effect (see
Figure 4), in good agreement with simulations based on
the DPMJET model [12] and as expected from the East-
West effect found in neutrino measurements. The Okaya-
ma group reported about observations of a less pronounced
azimuthal dependence [13], explained by the higher ener-
gies (> 1 GeV) of the observed muons.

Figure 3: The energy dependence of the muon charge ratio,
displaying also the East-West effect [10].

Figure 4: The azimuth dependence of the muon charge ra-
tio compared with the CORSIKA simulations [11].
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2.2 Correlation of the atmospheric muon flux
with solar activity

The primary flux of cosmic rays is influenced by the solar
activity, and this is reflected in the muon flux by a modu-
lation observed at the ground level. Aperiodic variations,
linked to the solar activity, can also happen. Due to the
configuration of WILLI detector, we can select all muons
passing through the detector with energies > 0.4 GeV, or
only muons with a small energy range, (0.4 − 0.6) GeV.
Measuring the atmospheric muon flux in this way, we have
observed periodic and aperiodic effects.
The Figure 5 displays the flux of muons, for the period of
(03.08 - 17.09), 2010, with a diurnal modulation of the flux
in the upper plot and unexpected drops in the lower part.
Previous measurements exhibit a similar behaviour for the
period (17.02 - 20.02), 2009 [14]. An explanation of these
findings is in preparation.

Figure 5: Muon count rate vs. time (expressed in day num-
ber of the year). Each point represents a 10 min data ac-
quisition time. In the upper panel the flux of muons with
energies E > 0.4 GeV is displayed, while in the lower one
the flux of muons with 0.4 GeV< E < 0.6 GeV is given.

3 The WILLI-EAS detection system

The detector is extended to WILLI-EAS detection sys-
tem by scintillation detectors (see Figure 1) for perform-
ing measurements of the muon charge ratio with WILLI in
correlation with a small particle detector array - EAS. Each
unit of the array is a scintillator plate of 1 m2 area, 3 cm
thickness, measuring the arrival times of the shower front
and the energy deposit in the detectors [5].
The features of the charge ratio for the EAS muon compo-
nent have been extensively studied on basis of Monte Car-
lo simulations [2] revealing that the radial and azimuthal
muon density distributions of EAS observed by surface de-
tector are strongly influenced by the magnetic field of the
Earth, (see Figure 6). The features depend on the direction
of EAS incidence (zenith and azimuth) relative to the geo-
magnetic field and on the energy of the registered muons.

Figure 6: Azimuthal variation of the charge ratio of the
muon density of proton-induced EAS incident with differ-
ent zenith angles Θ from the North with the primary energy
of 1015 eV, observed at a radial distance of 45-50 m and for
a muon energy threshold of 0.1 GeV [2].

Using the modified version of SHOWREC [15] program,
simulation studies have been performed for H and Fe gen-
erated showers (1013 − 1015 eV) in order to study the re-
construction quality for the real configuration of the mini-
array.
In Figure 7 the quality of reconstruction for the real config-
uration of the mini-array, for a zenithal angle of 30◦ of 250
showers, incident in the center of the array, is plotted.
Taking into account the acceptance of WILLI detector [16]]
for muon energy < 1 GeV, the simulations of showers pro-
duced by H and Fe cosmic primaries, show a different vari-
ation of the muon charge ratio on the azimuthal position of
WILLI. This effect could provide some indications of the
mass composition of cosmic rays (see Figure 8).
The first tests of WILLI-EAS operation have started in
2011. This experimental device is presently the only one
to measure efficiently the muon charge ratio of the later-
al muon density distribution of EAS. For achieving a suf-
ficient statistical accuracy the measurements are expected
to run for a minimum of 5 years. The measurements and
corresponding analyses should provide information about
the influence of the geomagnetic field on the propagation
of muons in air, eventually also on the hadronic interaction
features and about the primary mass composition of cosmic
rays with energies between in the range of (1013−1015) eV.

4 Concluding remarks

• At muon energies < 1 GeV, the muon flux seems to
depend not only on the particular observation site but
also on the direction of muon incidence, significant-
ly influenced by geomagnetic field and at low muon
energies modulated by solar events.
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Figure 7: The reconstructed shower cores for 250 H inci-
dent showers placed in the same position (0,0) for 30◦ -
up and the quality of the reconstruction for the showers -
down.

Figure 8: Dependence of the charge ratio on the azimuth
position of WILLI for proton and iron induced showers, at
15-20 m [15].

• Our method to measure the muon charge ratio with
a small compact detector minimizing the systemat-
ic errors of magnetic spectrometers for low energy
muons, reaches accuracies in order of few percents.

• The actual WILLI detector set up allows direction-
al measurements for muons, enabling to observe the
East-West effect in the muon charge ratio, which is
due to the geomagnetic field.

• The WILLI-EAS detection system investigating the
muon charge ratio in EAS is expected to provide in-
formation about the muon propagation of low en-
ergy muons. Comparing the simulations of Fe and
H induced showers with energies in the range of
(1013 − 1015) eV is indicating features of mass dis-
crimination.
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