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Abstract

We will illustrate the design, assembly and test of an innovative, compact and low-cost cosmic-ray tracking detector developed at the

INFN laboratories of Trieste and Perugia (Italy), which makes use of the most recent technologies for scintillating fibres and multianode

photomultiplier tubes. The detector has been designed in particular for underground investigation: it lies inside a cylinder made of

aluminium and can be lowered down a 20 cm diameter hole drilled into the ground, reaching a depth of 10–30m. It measures the cosmic

ground penetrating muon flux as a function of the direction to obtain information about the density of the material through which the

cosmic rays travel before reaching the detector itself. The whole instrumentation (that is, the detector, a computer for data acquisition

and a power supply), is simple to install and easy to handle. Examples of fields in which the instrument can be useful are geology,

archaeology, spelaeology. In the last few months we tested the performance of the detector in two different Italian archaeological sites

(Aquileia, UD and Fiumicino, RM). The acquired data are presented in this work.
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In the last 30 years several charged particle detectors
have been used to detect the flux of cosmic rays under
ground or buildings, in order to obtain some useful
information on their mass distribution [1–4]. But none of
them had the required characteristics to become a practical
instrument for all the people that could get benefit from
this kind of information in their work.

Since 1999 at the INFN laboratories of Trieste and
Perugia (Italy) a new kind of compact and low-cost
tracking detector for charged high-energy particles has
been designed, developed, assembled, tested and used for
field measurements. It makes use of the most recent
technologies for scintillating fibres and multianode photo-

multiplier tubes. The name of the project is MGR, that is
‘‘Muon Ground Radiography’’.
The MGR detector measures the differential

cosmic-ray flux (muons per second per unit solid angle
at a given direction). Being this flux less where the
crossed ground absorption coefficient is higher, one can
obtain information about the density of the material
through which the cosmic rays travel before reaching the
detector. The slight multiple scattering the muons are
subject to travelling through the ground or inside the
detector has not been taken into account, being most of
them so energetic that only a few can be deflected of a
significant amount if compared to the resolution of the
detector.
The following sections will describe the detector and its

electronics (Sections 1 and 2) and an example of data
acquisition on the field (Section 3).
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1. The detector

The detector sensitive part consists of a set of 48
scintillating bars and 336 scintillating fibres whose light
pulses are fed to six photomultiplier tubes with 64 channels
each. Three coaxial PVC cylinders are covered with
straight scintillating bars (polystirene þ1% pTP þ0:01%
bis-MSB, produced by General Service, Trieste, Italy) or
with 2mm diameter polystirene scintillating optical fibres
by PolHiTech (Carsoli, AQ, Italy) positioned along a
clockwise coil on the middle cylinder (158 fibres) and along
a counterclockwise coil on the external cylinder (178
fibres). All the scintillating elements are covered to avoid
light leak: the bars are covered with mylar sheets and the
fibres with teflon tape.

The whole detector lies inside a water resistant cylinder,
made of aluminium, 2.24m long and with a diameter of
14 cm. The cylindrical geometry is fit for lowering the
detector down a 17–20 cm diameter hole drilled into the
ground, but the detector could be used also in galleries,
lying the detector in a horizontal orientation.

When lowered vertically down a hole, the detector can be
put 10–30 or more metres deep (the only limit is set by the
drilling machine and by the maximum length of the serial
data cable): in most of these cases the detector works in
water immersion.

Fig. 1 shows one of the assembly steps of the detector:
the fibres on the middle layer are visible. At the top side of
the cylinder the fibres are coupled to the pixels of the PMTs
through the holes of an aluminium mask.

2. The electronics

The frontend and readout electronics and a magnetic
compass are positioned in the higher part of the detector.
The external instrumentation, besides the mechanical
supports, consists of a computer with a serial port and 4
DC low voltage power supplies, for a total power
absorption of about 20W for the detector and 20W for
the computer. These external parts are connected to the
detector through a 19 line cable in order to provide power,
to send commands to the inner CPU and to read data. To
find out the track parameters, only the geometrical
information about the position of the hit scintillators is
used: neither timing nor signal amplitude information are
detected. The trigger signal is generated by a combination
of the hit channels.

The readout chain consists of

� six multianode Photomultiplier Tubes (PMTs H5900U-
00-M64 by HAMAMATSU, Japan) with 64 channels
each, organized in a 8� 8 square.
� the 64 signals of a PMT are handled by two VLSI ASICs
(IdeAs, Norway), the VA32/75 for the amplification and
handling of the signal and the TAN for the generation of
the digital outputs once the analog signals are over
threshold. Both ASICs are manufactured with 1:2mmN-
well CMOS technology and have 32 channels. The
ASICs for the six PMTs are assembled on 12 FR4
Printed Circuit Boards (PCBs).
� the CPU that reads the events stored in the memory
buffers and sends them to the computer above ground
through a serial communication protocol.
� the DC–DC converters to generate the PM high voltage.

Both the detector and the data/power supply cable have
been designed to be mechanically and water resistant.
While acquiring the data, the magnetic compass

computes the angular position of the detector with respect
to the north pole; during the acquisition the cylinder
is rotated in order to reduce the effect of the difference
in the detector sensitivity with respect to the azimuthal
angle.

3. Example of data taking in archaeological sites

In the last few months, the performance of the detector
has been tested putting it underground in two different
italian archaeological sites (Aquileia, near Udine, and
Fiumicino, near Rome), with the hints of the archaeolo-
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Fig. 1. The MGR detector in the fibre assembly phase. Fig. 2. The MGR detector installed near Fiumicino.
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gists who worked there, in order to show the existence and
the position of buried ancient building structures. Fig. 2
shows the detector installed near Fiumicino in an
open field, over the remains of the ancient Rome harbour:
you can see the top part of the detector, not yet lowered,
hold by a steel rope, with the data/power supply cable
and a pipe for controlling the internal pressure of the
cylinder. Since the measurements can take some days,
all the components of the instrumentation (detector,
power supplies, computer) lie inside a metal hut in order
to be protected against rain, humidity or sun. Only the
power generator, fed with gasoline, is placed outside
the hut.

3.1. Track reconstruction and data analysis

The track reconstruction can be divided in steps:

� two or more straight bars with a hit are used to define a
plane parallel to the cylinder axis and containing the track.
� the intersections of the hit fibres forming a coil around
the axis with the plane are computed. The maximum
number of intersections per fibre is 2.
� to solve the ambiguity, all the possible combinations of
the intersection points are considered in order to find,
with the minimum squares method, the straight line
closest to the chosen points; the line, if present, with a
chi-square value lower than a fixed cut is chosen.

The acquired data are being analyzed using different
algorithms to highlight the slight differences in rate as a
function of the direction due to the different density of the
ground and discard both the macroscopic differences due
to the cosmic-ray angular distribution, and the variation in
efficiency of the detector as a function of the direction.
Fig. 3 shows the measured muon flux through a surface

at ground level at the Aquileia archaeological site, near the
ancient roman harbour stores; the scale is in meters, light
areas indicate higher flux, while dark areas indicate the
lower one. The circle in the centre corresponds to the
position of the detector, whose depth is 7m. The rate of the
acquired cosmic rays at ground level was about 10Hz,
while 9m underground the rate was about 8Hz. The total
statistics amounts to 2 000 000 events acquired in 70 h,
distributed among 10 days. Since only those rays that pass
also through the lateral surfaces of the cylindrical fibre
layers can be detected, some radial shadows are visible, and
since the measured flux has a strong dependence on the
distance from the centre, in the plot the bin contents have
been scaled with an appropriate weight depending on that
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Fig. 3. The ground radiography at Aquileia.

Fig. 4. The ground radiography at Aquileia superimposed to the archaeological map.
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distance, so that the interesting structures can be more
easily seen.

Fig. 4 shows the ground radiography at Aquileia
superimposed to the archaeological map.

4. Conclusions

The first version of the MGR detector shows that the
use of the most recent technologies for scintillating fibres
and multianode photomultiplier tubes allows the produc-
tion of compact and low-cost cosmic-ray tracking detec-
tors. Some tests have been performed in two different
archeological sites and the data are being analyzed and

compared with the information given by the archaeolo-
gists. More data taking campaigns are foreseen for the
future once the performance of the detector has been fully
understood.
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