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Abstract

An experimental setup, based on a plastic scintillator with an embedded
wavelength shifter fibre and photosensors at the two ends, has been used to
detect cosmic muons in undergraduate laboratory activities. Time and amplitude
information from the two photosensors were measured using the time-over-
threshold technique. The distribution of the energy deposit in the scintillator
was measured under different shielding conditions in the same building and
evaluated by simple calculations. A GEANT simulation taking into account the
angular distribution of the incoming muons, the shielding material above the
setup and the response of the detector was also compared to the data.

(Some figures may appear in colour only in the online journal)

1. Introduction

A variety of educational activities concerned with the study of cosmic ray physics exists
worldwide. Over the last few decades, several activities in this field have been carried out
under various working conditions and with different types of detectors, from small, single
detectors—quite often even simple Geiger counters [1-6]—to scintillator-based detection
systems [7-9], complex detectors and arrays for the detection and identification of extensive
air showers [10]. A compilation of educational experiments in cosmic ray physics has also been
reported by some of us in [11]. All these experiments are a nice way to introduce undergraduate
students and high school teams to various aspects of modern physics and related experimental
techniques.

In such a context, for a few years we have been pursuing an attempt to introduce several
activities concerned with the properties of cosmic rays in a third-year laboratory course for
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physics students. Several of these activities were carried out by the same students as a topic
for their bachelor’s thesis and further developed by them as a follow-up while attending
the master’s degree curriculum in nuclear or astroparticle physics. Monitoring the cosmic
ray flux together with the atmospheric pressure over long periods [2], measuring the altitude
dependence of the cosmic ray flux with a simple Geiger counter [6] and the angular distribution
of muons with a telescope [8], or analysing the random arrival time of cosmic rays in a detector
by the use of statistical methods [12] are just a few examples of such activities.

A further step in the understanding of advanced aspects of cosmic ray physics would be
the detection and investigation of extensive air showers, initiated by a high-energy particle in
the atmosphere, which gives rise to a multitude of secondary particles able to reach sea level.
While simulations of such showers were already discussed for teaching purposes [13], the
detection of such showers is not trivial, since it requires correlation measurements between
several individual detectors. Three or more counters located at short relative distances (a
few metres) and operated in coincidence allow us to build a station able to detect extensive
air showers produced in the atmosphere by a primary cosmic particle with energy in the
order of 10'*-10' eV, depending on the relative distance between the detectors and on trigger
conditions. Multiple stations may further constitute an array, with relative distances of the order
of hundreds of metres between the individual stations. As a first step towards the construction
and operation of such stations for undergraduate laboratory activities, we undertook a series
of preliminary measurements and data analysis by the use of a single module, to understand to
what extent the information is provided even by a single detector able to give access to physics
studies and help in understanding the correlation between multiple detectors.

Particular attention has been devoted in this study to the shielding effects provided by the
building structure, which can strongly modify energy and angular distributions of the detected
particles. While a detailed investigation of such effects would require the use of a telescope,
able to measure the muon flux along different orientations, this study was intended to gain
some information by the use of a single, small size detector, similar to those which will be
employed for the construction of future stations.

Having in mind that the overall setup to be employed for such application must be relatively
easy to operate and not too expensive, in order to also be used by high school teams—during
outreach sessions—or in undergraduate laboratory courses, a small scintillation tile [14] was
used, together with a home-made power supply, and a Quarknet acquisition card, developed
at Fermilab for educational activities in cosmic ray physics [15].

Section 2 describes the detector setup, namely the scintillator, the associated electronics
and data acquisition, while section 3 reports the set of preliminary tests of the apparatus and
the results of the cosmic ray measurements, including a comparison of the energy deposit in
the detector to GEANT simulations and an evaluation of the shielding effects provided by the
building around the detector. Some conclusions and the outlook are discussed in section 4.

2. Detection setup

Scintillators are among the most commonly used detectors in the undergraduate laboratory.
Scintillator-based detectors offer the possibility of being designed in a variety of sizes and
geometrical shapes. The scintillation light produced by the passage of ionizing particles in a
sensitive volume may be detected by standard photomultipliers; however new devices, such as
avalanche photodiodes (APD) and silicon photomultipliers (SiPM), have been extensively used
in recent years, due to their smallness, reduced cost, low voltage and other properties which
make them preferable with respect to traditional photomultipliers. In addition to the standard
light collection process, which employs light guides and reflective coatings to convey the
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scintillation photons to a suitable photodetector, the use of wavelength shifter (WLS) fibres has
become widely diffused especially for long scintillators. When using SiPMs as photosensors,
WLS fibres become a natural choice even for small detectors, due to the possibility to adapt
them to the SiPM size.

Our detection setup is based on a small plastic scintillator tile (15 cm x 15 cm, thickness
1 cm) with a two-coil WLS optical fibre embedded in a circular groove machined in the
scintillator. Two arrays of avalanche photodiodes, operated at low voltages, are used at the
two ends of the WLS fibre to collect the scintillation photons [14]. The readout electronics,
mounted on a small board on the detector, provides two analogue signals corresponding to the
amplitudes of the individual APD sensors mounted at the two ends of the WLS fibre and an
ECL signal when either one or both of them pass an adjustable threshold. A selectable jumper
in the readout card allows the choice of one of three possible operational modes (APD 1,
APD 2, APD 1&2), with a common threshold, which can be adjusted between 30 and 250 mV,
to set a working condition where the coincidence rate between the two photosensors is basically
equal to the rate given by the passage of true cosmic particles in the tile. Several modules based
on this setup were tested, for further coincidence measurements, which will be the subject of
a future work.

The power supply to each detector module needs +5 V for the readout card and a
variable voltage, in the order of 30 V, for the sensor. For such application, a set of low-cost
power supplies was designed and built in our laboratory, providing both a stabilized £5 V
and variable (0-35 V) bias, thus constituting a stand-alone tool to power a single module.
Commercially available electronic kits were employed for this purpose. The construction of
such units may be undertaken in principle even by students with some degree of practical
abilities, under the supervision of experts, thus giving the possibility to have a direct approach
to the design and setup of simple detection apparatus.

The use of standard NIM, CAMAC or VME modules for electronics and data acquisition
would be too expensive in this context, especially in view of the use of several detection
stations and the necessity to record both amplitude and timing information. To process the
signals from our detector we employed a Quarknet [15] card. This card, developed at Fermilab,
is distributed to educational institutions at a small cost for the purpose of providing a useful tool
for educational cosmic ray experiments. It may accept up to four signals from photomultipliers
or other detectors, and provides discriminator and trigger logic for the four channels. In
addition, the relative time between the individual inputs is also available, which allows us
to carry out time measurements of the rise and fall times associated with each input signal.
Other capabilities of the card are the time stamping of events, provided by a GPS receiver, an
atmospheric pressure sensor and five built-in scalers (with a four-digit numerical display), to
record the four individual inputs plus the trigger counts. The output stream from the card may
be sent to a PC via USB and hyperterminal connection, and produces a set of ASCII lines which
can be decoded off-line to extract all the relevant information for the collected events. Event
information on the stream data output reports the trigger time according to UTC standard, with
40 ns resolution (25 MHz clock). Leading and trailing edges for each channel are provided,
with respect to the trigger time, in units of 1 ns. This means that relative times between
pulses on different channels at the same site may be measured with 1 ns precision (without
making use of GPS capabilities), although the resolution in the timing between different sites
(i.e. different Quarknet cards using the GPS system) is 40 ns.

Trigger logic is implemented using a programmable logic device chip, which allows any
trigger logic, from singles to four-fold coincidences, with a majority logic, i.e. any combination
of three active channels gives a valid trigger at the three-fold level. Discriminator output pulses
are sent to TDCs, to measure the time associated with leading and trailing edges of each pulse
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Figure 1. One of the plastic scintillator tiles employed in this work. The small board mounted on
the detector includes the electronics to process the individual signals from the two photosensors,
which read the light transported by the WLS fibre embedded in the scintillator. Also shown are
the Quarknet card (upper-left in the picture) and the home-made power supply (right). A standard
notebook with a hyperterminal connection was used to collect data from the Quarknet card.

relative to the trigger time. Such information may also be used to evaluate the pulse width, by
the use of the time-over-threshold technique. Specific additional information on the Quarknet
card may be retrieved from the Quarknet Collaboration [15]. Figure 1 shows the basic setup
employed for this study.

3. Experimental results and comparison to simulations

3.1. Preliminary tests and working conditions

Preliminary tests of the detection setup included the setting of the threshold and the measure
of the individual amplitude signals provided by the two photosensors. Figure 2 shows a plot
of the coincidence rate between the two photosensors as a function of the threshold setting
(blue points), compared with the random coincidence rate, estimated from the individual count
rates of the two photosensors and from the width of the coincidence window. At very low
thresholds, the coincidence rate is dominated by spurious counting, since APDs are relatively
noisy devices and the individual rates of the two photosensors are very high. However, when
threshold settings larger than approximately 120 mV are chosen, the random coincidence rate
becomes negligible with respect to that due to the passage of particles, which is about 10 Hz.

With a proper threshold, the signal amplitude delivered by each of the two photosensors
may be measured using the time-over-threshold technique, which is part of the capabilities
of the Quarknet card. Such amplitude reflects somehow the energy deposited in the sensitive
volume of the scintillator tile, convoluted by the effect of the light collection process in the
scintillator and in the WLS fibre. Figure 3 shows typical distributions of the amplitude signals
of the two photosensors, estimated by their time-over-threshold. Also shown is the distribution
of the analogue sum of the two signals provided by the readout card. In each event the photons
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Figure 2. Coincidence count rate between the two photosensors in the tile, measured as a function
of the threshold (blue dots). Also shown is the random coincidence rate (red squares), estimated by
the individual rates of each photosensor and the coincidence time window. For thresholds larger
than approximately 120-130 mV, the random rate is negligible with respect to that of the true
coincidences due to cosmics, which is about 10 Hz.

emitted by the WLS fibre are transported at the two ends and collected by the two photosensors.
For most of the events, a good correlation between the two signals is observed, i.e. the two
signals are very similar, reflecting the energy deposit in the scintillator as measured using
the two photosensors. However, when scintillation light is produced very close to one of the
two ends of the WLS coils, the number of photons collected by the two photosensors may
be slightly different, due to the geometry of the fibre and the overall collection efficiency.
As a result, some degree of anticorrelation may be observed for a given interval of the sum
Ap + Ay, since a larger number of photons in one of the two channels corresponds to a
smaller number in the other channel. This is shown in figure 4 which shows the correlation
between the amplitudes Ay and A, measured in the two photosensors, for several intervals of
the analogue sum of the two amplitudes (20-30, 40-50 and 60-70 ns). In the following, the
amplitude produced by the analogue sum of the two photosensors was employed, since the
two signals were independently measured, thus allowing the introduction of some additional
off-line quality cuts on the two quantities if required.

3.2. Energy loss distribution

The use of the combined amplitude signals (Ay + A;) makes it possible to roughly estimate
the energy deposit in the scintillator material. The distribution of this quantity is the result
of several factors: the angular (and to some extent also the energy) distribution of the
incoming particles, the geometry of the detector, the amount of shielding material around
the detector and the probability that a detectable signal is measured in the photodetector
once the ionizing particle traverses the scintillator. All these factors are difficult to treat
in exact form, and usually simulation techniques are employed to properly take them into
account.
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Figure 3. Distribution of the amplitude signals in the two photosensors, measured in the Quarknet
card using the time-over-threshold method (upper and middle), together with the distribution
of their analogue sum (bottom), which was used as an estimate of the energy deposit in the
scintillator tile.

Figure 5 shows the experimental distribution of the amplitude signals (extracted by
the sum of the two individual signals) in a long run (about 24 h) carried out with the
setup described in a laboratory located on the ground floor of the building. Since we had
no detailed information on the absolute gain of the photosensors and on the number of
photons collected, it was difficult to have an absolute calibration of the energy scale. This was
achieved by normalizing the maximum of the observed distribution to that calculated by the
simulation.

As a first approximation, secondary cosmic particles at sea level are mostly energetic
muons with an average energy of a few GeV, with a small fraction of lower energy electrons,
and an angular distribution proportional to the cosine squared of the polar angle with respect
to the vertical, I ~ cos’. Energetic muons behave as minimum ionizing particles (MIP), with
an energy loss of approximately 1.8 MeV cm? g~!. In the scintillator material they deposit
about 1.8 MeV per cm of traversed thickness. Vertical muons should then exhibit such an
energy deposit, whereas inclined tracks would give a larger energy deposit, up to 15v2 x
1.8 MeV = 38 MeV for the horizontal trajectories traversing the detector along the diagonal.
Due to the small size of the detector (15 x 15 x 1 cm?), however, the border effects are not
negligible, since a large fraction of the incoming particles may traverse a sensibly smaller
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Figure 4. Correlation between the amplitude signals Ag and A from the two photosensors, measured
using the time-over-threshold method. Events with a value of the analogue sum of the two signals
in the ranges 20-30, 40-50 and 60-70 ns were selected.

path (a few mm), thus producing a tail at small energy losses. Energy loss fluctuations may
result in a tail even at deposited energies higher than 40 MeV. Energetic electrons lose energy
not only by collisions but also by the production of electromagnetic showers, which are
only partly contained in the small volume of the detector. Apart from the direct interaction
of the incoming particles with the detector, electrons may likely result in electromagnetic
showers being produced in the absorbing material above the detector—in this case the
heavy concrete layers of the building—whose secondary products may reach the detector.
The detailed response of the detector (energy threshold, resolution, particle-dependent light
response, etc) may also produce some effect on the overall energy distribution experimentally
observed.

All these effects may be investigated in a quantitative way by detailed simulations, which
take into account the interactions of incoming particles with the scintillator and the surrounding
material. The basic methodology of detector simulation by Monte Carlo methods is introduced
in our laboratory and most of the students are able, with any programming tool which they
already manage (C, C++ or Root), to carry out simple calculations, as for instance the
evaluation of the geometrical acceptance for simple source—detector configurations or the
distribution of the effective distance between two detectors with finite size. A basic simulation
in such a case could be carried out just by randomizing the hit position (x, y) of the muon in the
tile and extracting the muon direction with a cos?d distribution (i.e. uniform in the azimuthal
angle and proportional to sinf cos’d for the polar angle). For each trajectory, the effective
detector thickness traversed by the particle may be evaluated, which gives an average value
of the energy loss, assuming all the particles behave as MIP. The result of such a calculation
is shown in figure 5 with the label ‘Basic simulation’ and it is seen how the low-energy
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Figure 5. The experimental distribution of the energy deposit in the scintillator, as estimated by
the analogue sum of the two amplitude signals from the photosensors (points). The measurement
was made with the detection setup located on the ground floor of the building. Also shown for
comparison is the result of a simple calculation based on effective distance travelled by the incoming
particles in the detector (dashed blue histogram) and a GEANT simulation (red histogram), which
takes into account the distribution of the incoming particles (muons and electrons) and a rough
model of the shielding environment around the detector.

part of the energy distribution is roughly reproduced, although the high-energy tail is heavily
underestimated.

For a few years, we have also been trying to present the main features of professional
simulation codes employed in the nuclear and astroparticle physics communities, such as the
GEANT geometry and simulation package [16]. This package, although freely available and
usable, is not of immediate use at this level of study. However, the general philosophy of the
method is understandable, together with the relevant steps which lead to obtaining results in
a realistic situation: the implementation of the geometry of the detector and its surrounding
materials by a predefined list of volume shapes and materials, the type and energy/angular
distributions of the particles the user wants to let interact with the system, the physics processes
and possible decay channels which have to be included in the simulation and the quantities of
interest which need to be extracted from the transport of particles (such as energy, position,
time-of-flight, etc). While the old version of the GEANT package (GEANT3) was based on
FORTRAN routines, the new GEANT4 version is based on C++ and makes extensive use of
object oriented programming. In any case, the user has to write some part of the code, where the
detector geometry and materials are defined, as well as the description of the initial distributions
of the particles to be followed and the retrieval of the output required information. Additional
details concerning the detector properties and response may be introduced by the user as
well.

In such a case, the interaction of a large number of muons and electrons was
simulated, with a realistic relative abundance between the two species at sea level, a uniform
azimuthal angle distribution dN/d¢ and a polar angle distribution dN/d6 = sinf cos’§. The
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momentum distribution of the vertical muons was parameterized as a function of the muon
momentum p according to Bugaev [17], i.e.

N o p~otnlogptylog pryslog’ p)

dp
where the parameters y; (j = 0, 1, 2 and 3), for small values of the muon momentum, are
0.3061, 1.2743, —0.2630 and 0.0252, respectively. It was verified that small changes in this
distribution did not produce sensible changes in the energy loss distribution.

The downward trajectories of the particles were generated considering a vertex location
at a z-level slightly higher than the height of the building. Since the detector in the first set of
measurements was placed in a ground floor laboratory of a large three-storied building, the
main effect of the shielding material above the detector was simulated by adding four layers
of concrete (about 30 cm thickness each), located at the proper height, with (x, y) dimensions
of I0m x 10 m.

For each event, the energy deposited in the sensitive volume of the scintillator, as evaluated
by GEANT, was stored. The data were then corrected, introducing energy resolution and
threshold effects in the detector. To take into account an experimental threshold in the
detector and the associated electronics, an energy-dependent efficiency at low amplitudes
was introduced by a sigmoid function

1
where a and E; are two parameters, whose values were varied around the values
a=10MeV~!and Ey =1 MeV.

As is seen, the experimental distribution is now basically reproduced by the GEANT
simulation over four orders of magnitude. Small differences at low amplitudes are likely to
originate from the incomplete description of the light collection process, which would require
a detailed transport of the scintillation photons along the WLS fibre to the photosensors.
On the other hand, the exact reproduction of the high-energy tail of the distribution depends
somewhat upon the effect of the shielding material around the detector, and would require an
exact software replica of the entire building structure, including not only the concrete roofs,
but also walls and other materials. Both these effects require specialized treatment of the
experimental effects which go beyond the level of this study. From an educational point of
view, it is rather impressive that reasonable agreement between the experimental distribution
obtained with a simple detector and a simulation description of the experimental setup may
be obtained over a really large (four orders of magnitudes) yield interval.

S(E) =

3.3. Effect of the shielding environment on the energy loss distribution

To experimentally observe the effect of the shielding conditions around the detector on the
measured energy loss distribution we carried out additional measurements with the same setup
in three different locations of the same building, i.e. in a laboratory on the ground floor (as
discussed in the previous section), in a room located on the upper floor of the building (with
only a single layer of concrete over the detector and light walls around it) and in an underground
room with additional concrete shield around it. Long runs (giving several hundred thousand
events in each run) were taken for the three locations, and energy loss distributions were
extracted for each of them according to the procedure described before. To better observe
the effect of the shielding around the detector, we extracted the ratio between the energy
distributions measured in different locations. As an example, we report in figure 6 the ratio
between R_; (the count rate observed at the underground level) and R; (the corresponding rate
measured on the third floor).
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Figure 6. The ratio between the counting rate R_; measured at the underground level and that
measured on the third floor (R3) is plotted as a function of the analogue sum of the two photosensor
signals, giving an estimate of the energy deposit in the scintillator. While small amplitude signals
(corresponding to nearly vertical muons) are only slightly reduced, larger amplitude signals—
mainly originating from inclined particle tracks—are strongly reduced (by about a factor of three)
in the underground laboratory, as compared to those measured on the third floor.

Since the two energy distributions are normalized to the measure time, a ratio equal to
1 means an equal rate being measured in the two locations, whereas a ratio less than 1 is
indicative of a reduction in the counting rate for the underground location. The observed
ratio actually shows a maximum, which reaches almost 0.8, for small amplitudes, roughly
corresponding to vertical muons. Small amplitude signals are only slightly suppressed,
whereas for larger amplitudes, which mostly originate from inclined trajectories, the measured
value is sensibly smaller than 1, with some modulation effect. This is indicative of
strong shielding effects provided by the building and the surrounding ground around the
building.

The specific energy loss of muons in the energy range 1-3 GeV is about
1.8 MeV cm? g~! for concrete, and assuming a density of 2.4 g cm™3 for this material,
an energy loss of about 500 MeV is expected for a 1.2 m concrete thickness. Taking into
account the muon vertical energy spectrum the sea level [18], the fraction of muons with
energy smaller than 500 MeV would be of the order of 15-20% of the integrated spectrum,
which roughly corresponds to what is observed. Such effects are also reproduced by GEANT
simulations. A very detailed software replica of the building would be necessary to interpret
the fine details of these results. In principle, with a detector able to reconstruct the muon
trajectories with a good angular resolution, it would be possible to probe the detailed structure
of the building and to conduct a sort of muon radiography of the material surrounding the
detection apparatus.

4. Conclusion

In view of the construction of a small array of detectors based on small-sized scintillation
detectors with WLS fibres and photosensor readout, a preliminary investigation employing
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one such module was carried out. The module was fully characterized to understand its
working conditions, and the distribution of the energy deposit in the detector was measured
under different shielding conditions. A basic understanding of the results was achieved with
the help of simple calculations, and by a more detailed GEANT simulation, which took into
account the energy and angular distribution of the incoming secondary particles, the geometry
and response of the detector and a rough model of the absorbing material surrounding the
detector setup, as due to the building structure.

Apart from the direct use of such a setup in undergraduate laboratory activities at third-
year level, the combined use of a few modules located at relative distances of 1-20 m is
presently investigated to build up a small array in order to involve students in quantitative
measurements of extensive cosmic air showers. The possibility to collect data by Quarknet
acquisition cards, with their capabilities to give amplitude information and the relative time
between different channels, will allow the reconstruction of extensive air showers through
correlation measurements between individual detectors. Triangulation between three or more
modules by their relative times, coupled with a rough estimate of the energy deposited in
the scintillator, will greatly help to measure the orientation of the incoming shower and an
estimate of its energy, thus allowing the extraction, to some extent, of the angular distribution
of the primary particle and the measurement of the coincidence rate for the different detector
geometries.

The equipment employed in this study makes use of small scintillator tiles with WLS
fibres embedded, which we retrieved as spare parts from a large research experiment. The cost
of the commercially available version of the detector is not, however, very high and, moreover,
it may be replaced by any small size scintillator with a traditional phototube. Taking into
account that the Quarknet card is also available at its cost price, the required amount of money
for such equipment is comparable or even smaller with respect to commercially available
modern physics experiments for the student laboratory. One such compact module is able in
itself to detect and time stamp (by the use of GPS) the arrival of cosmic muons. Adding one or
two scintillation tiles to the previous equipment allows the possibility, by the same acquisition
card, of carrying out coincidence measurements between individual detectors a few metres
apart, and hence detecting extensive air showers with a relatively cheap setup.

All these activities are thus a powerful means to strongly enhance the potential of a third-
year laboratory course, involving students in the study of several problems which are typical
of the physics carried out with large detectors in particle and astroparticle physics.

References

[1] Gould CR and Ives R L 1975 Am. J. Phys. 43918
[2] Famoso B, Rocca P L and Riggi F 2005 Phys. Educ. 40 461
[3] Blanco F et al 2006 Phys. Educ. 41 204
[4] Wibig T et al 2006 Phys. Educ. 41 542
[5] Blanco F et al 2006 Nuovo Cimento C 29 381
[6] Blanco F, Rocca P L and Riggi F 2009 Eur. J. Phys. 30 685
[7]1 Dunne P et al 2001 Phys. Educ. 36 322
[8] Akindinov A et al 2005 Nucl. Instrum. Methods Phys. Res. A 539 172
[9] Blanco F, Rocca P L, Riggi F, Akindinov A and Mal’kevich D 2008 Phys. Educ. 43 536
[10] Pinfold J 2006 High schools focus on the extreme universe CERN Courier 3 May 2006
[11] Blanco F, Rocca P L and Riggi F 2008 Educational experiments with cosmic rays Science Education in Focus
ed M V Thomase (New York: Nova)
[12] Blanco F, Rocca P L, Riggi F and Riggi S 2008 Eur. J. Phys. 29 355
[13] Badala A et al 2007 Eur. J. Phys. 28 913
[14] Akindinov A et al 2006 Nucl. Instrum. Methods Phys. Res. A 567 74 (a commercial version of a similar detector
has been made available from CAEN www.caen.it)
[15] The Quarknet Project 2011 http://quarknet.fnal.gov/


http://dx.doi.org/10.1119/1.9992
http://dx.doi.org/10.1088/0031-9120/40/5/007
http://dx.doi.org/10.1088/0031-9120/41/3/F02
http://dx.doi.org/10.1088/0031-9120/41/6/009
http://dx.doi.org/10.1088/0143-0807/30/4/003
http://dx.doi.org/10.1088/0031-9120/36/4/308
http://dx.doi.org/10.1016/j.nima.2004.10.026
http://dx.doi.org/10.1088/0031-9120/43/5/013
http://dx.doi.org/10.1088/0143-0807/29/2/016
http://dx.doi.org/10.1016/j.nima.2006.05.071
file:www.caen.it
http://quarknet.fnal.gov/

550 S Aiola et al

[16] For GEANT3 see GEANT: detector description and simulation tool, CERN Program Library Long Writeup
W5013 http://wwwasd.web.cern.ch/wwwasd/geant/ The more recent C**-based GEANT4 version is
available at http://geant4.cern.ch

[17] Bugaev E V eral 1998 Phys. Rev. D 58 054001

[18] Allkofer O C, Carstensen K and Dau W D 1971 Phys. Lett. 36 B 425


http://wwwasd.web.cern.ch/wwwasd/geant/
http://geant4.cern.ch
http://dx.doi.org/10.1103/PhysRevD.58.054001

	1. Introduction
	2. Detection setup
	3. Experimental results and comparison to simulations
	3.1. Preliminary tests and working conditions
	3.2. Energy loss distribution
	3.3. Effect of the shielding environment on the energy loss distribution

	4. Conclusion
	References

