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GALLO1 , A. FERRERO1, G. DE LA VEGA1 , A. LUCERO1 , M. VIDELA1, O. WAINBERG1 , A. ETCHEGOYEN1 AND P.
O. MAZUR2

1 Instituto de Tecnologı́as en Detección y Astropartı́culas, (CNEA, CONICET, UNSAM), Av. Gral. Paz 1499 (1650),
Buenos Aires, Argentina

2 Fermi National Accelerator Laboratory, Batavia, IL, USA

manuel.platino@iteda.cnea.gov.ar

Abstract: In this paper we present the fabrication, testing and initial calibration system for scintillator modules to be
used as muon counters for cosmic ray particle shower detection, developed in the ITeDA facilities. Each muon counter
has an area of 30 m2, divided in three scintillator modules of 10 m2, and is made of plastic scintillator strips with doped
optical fibers glued to them, which guide the light to 64 pixel photomultiplier tubes. Each module is buried to detect
only the muon component of the cosmic shower. The scintillator modules are tested with a “scanner” that consists of an
x − y positioning system that moves a 5 mCi 137Cs radioactive source over the module taking data at fixed locations.
The scanner both tests the module for possible fabrication defects and stores the light-attenuation curve parameters. A
complete description and specifications of the fabrication process and materials used for the construction of the scintillator
modules is presented. Also, a complete scanning process of a 64 strip scintillator module is performed and results are
presented and compared with an initial calibration performed with a muon telescope.
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1 Introduction

This work presents the fabrication, testing and calibra-
tion system of large (30 m2) muon counters, composed of
plastic scintillators used to transform cosmic radiation into
light. These detectors are designed to work buried under-
ground to count muons from radiation showers produced
in the atmosphere by cosmic rays. Among their many re-
quirements, it is only mentioned here those affecting the
mechanical design of the detectors:

• Number of muon counters: ∼ 85 muon counters are
required by the project in which they will be used
[1]. Therefore, they must be easy and fast to manu-
facture, at a production rate of ∼ 2 per month.

• Muon sensitivity: The muon counters need a shield-
ing of ∼ 540 g/cm2 [1] which means that they must
be buried ∼ 2.25 m underground (considering local
soil density of (2.38 ± 0.05) g/cm3 [2]) to provide
shielding from the electro-magnetic component of
the shower. An access pipe of 1.3 m of diameter used
for electronics maintenance will be sealed to the de-
tectors.

• Detection area: The optimum design parameter for
the determination of the number of muons at 600 m
Nμ(600) (shower muon content estimator) is an area
of 30 m2 divided in 192 segments [3]. Thus, the
muon counter is divided in three 10 m2 scintillator
modules of 64 channels each.

• Lifetime: Ageing of the components must be se-
riously considered. Therefore, plastic scintillators
were chosen.

• Modular construction: The scintillator strips must be
assembled into scintillator modules which are easy
to handle, relatively rugged to resist the deployment,
and provide light-tight and water-tight seals.

• Cost and transportation: To minimize cost, PVC
(Polyvinyl Chloride) was chosen for the module cas-
ing. The mechanical design of the modules must al-
low the usage of regular trucks for transportation to
avoid a sensible impact on the costs, since distances
larger than 1000 km must be covered for their de-
ployment.
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Figure 1: Picture of a module being fabricated. Shown are
the 64 scintillators split in two groups of 32, with an optical
connector for the PMT in the middle.

2 The scintillator modules

2.1 Scintillation system

The scintillator modules being described in this work are
composed of 64 extruded plastic scintillator bars with a 41
mm × 10 mm rectangular cross section and 4 m length.
The bars have a white reflective outer layer of titanium
dioxide (TiO2) and a groove, without the TiO2 layer, into
which a wavelength-shifting fiber is glued with optical ce-
ment to match the refraction indexes. The groove is cov-
ered with a reflective aluminium tape to seal the reflective
properties of the scintillator. The attenuation length of the
extruded scintillator bars is (∼ 55 ± 5) mm (with the TiO2

layer), therefore the light pulses must be transported to a
photomultiplier tube (PMT) using an optical fiber.
The fibers chosen for the scintillator modules are 1.2 mm
rounded Saint-Gobain BCF-99-29AMC multi-clad fibers.
They have the same dopant as the BCF-92 fibers (the stan-
dard model catalogued by Saint-Gobain) but at twice the
concentration. These fibers have maximum light absorp-
tion and emission at 410 nm and 485 nm respectively [4],
while the scintillators emit light at ∼ 400 nm. Then the
light pulses are converted into electronic pulses through
a PMT (64 channels Hamamatsu UBA H8804-200MOD)
which has a quantum efficiency large enough at ∼ 485 nm
(∼ 30%, [5]) for this application. An alignment system
between the 64 fibers and each of the PMT’s 64 pixels is
required to minimize the light attenuation and cross talk in
the fiber to PMT transition boundary.

2.2 Modules mechanical design and fabrication

Since the scintillator strips are about 4 cm wide and 4 m
long each, it was decided to split the module in two sections
of 32 channels, with the holding structure for the PMT in
the middle (see Figure 1). This design has the advantages
of a cheaper transportation, less optical fiber wastage due to
a reduced path between the farther scintillator and the PMT
in the middle of the module, and easy access to the mod-
ules for maintenance after deployment because the module

itself can be used as an access platform for the technicians.
This is possible because the PMT sits in the middle of the
module and not aside of it.
The connection between the optical fibers and the PMT
is made through a black Polyoxymethylene (POM) optical
connector, which holds the 64 optical fibers. This connec-
tor is placed at the center of the module and it is held with
a stainless support that gives it a 1 cm freedom of move-
ment for correct coupling with the PMT. The connector is
directly attached to the PMT, which is fixed to the mod-
ules through a couple of springs to hold the connector to
the PMT with a certain pressure. The roughness of the
plastic surface on each fiber termination is minimized with
a diamond polishing tool mounted on a fly-cutter. Opti-
cal grease (BC-630 from Saint-Gobain) is applied to the
PMT window to minimize reflections. The module cas-
ing is mainly formed by a PVC frame made of 1 cm ×
4 cm section bars, closed with 2 mm thick extruded PVC
sheets. All of the module PVC pieces are custom-made
(cut and/or soldered) from extruded PVC bars, sheets, and
tubes (for the electronics dome in the middle of the scintil-
lator module). PVC was chosen because it is cheap, easy
to mechanize and to solder. The manufacturing process of
all the pieces that compose the module (see Figure 2) is
mainly automated by using a 2 m × 3.5 m CNC milling
machine. The electronics dome (Figure 2, right) is built in
two pieces. The lower one is fixed to the PVC casing and
provides the exit for the cabling and the protection for the
optical connector. The higher piece of the electronics dome
is removable and provides access for electronics mainte-
nance or replacement. Both parts of the dome are sealed
together with a rubber O-ring to provide water and light
tightness.
The assembling of the module casing and the scintillators
is mostly performed manually, and all of their components
are glued together to conform a big solid plastic piece. Of
all the critical manufacturing processes, the fiber handling
and the gluing process are the most critical ones. Fiber
damage and non-uniformity in the application of the opti-
cal cement must be avoided. Also, the gluing of the PVC
pieces of the module casing requires extreme care to en-
sure the water-tightness of the scintillator module, which is
verified through a pneumatic testing procedure before the
module is delivered.
The modules are handled during transportation and deploy-
ment with a steel hanger structure that holds the module in
24 points along its top surface throughout 4 “U” profiles
(see Figure 2, left panel). The module is surrounded by
polystyrene foam sheets in order improve its resistance to
bumps and sunlight exposure during transportation and de-
ployment.

3 Testing

The module testing and calibration requires measuring the
mean single photoelectron (SPE) number produced by an
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Figure 2: Blueprints of the PVC casing of the scintillator modules. Left: Longitudinal cut. Right: Electronics dome.

impinging particle (in this work, from the background cos-
mic radiation) on each of the 64 scintillator strips at a given
distance from the PMT, i.e. the light-attenuation curve.

3.1 Module testing system: The scanner

The response of each scintillator strip can be characterized
with a 5 mCi γ-emitter 137Cs radioactive source contained
on a lead cylinder mounted on a x − y positioning system
or “scanner”. The cylinder acts as a shielding according to
safety regulations and provides collimation for the radia-
tion beam. The x− y positioning system has a total effec-
tive displacement of 3.75 m in the x axis and 9.5 m in the
y axis, motorized with two stepping motors. An electrical
current is produced in each PMT channel, as it is gener-
ated by the the flow of light coming from the scintillator
bars through the fibers, excited by the radioactive source
at different points along the scintillator bars. This current
is obtained by averaging the total current value of all the
SPE pulses, and is transformed to voltage via a circuit that
measures the voltage drop on a 220 kΩ resistor. The test-
ing system has an acquisition board that measures the DC
current generated in each of the 64 pixels of the PMT. The
current values do not provide an absolute magnitude of the
SPE number, but they do provide a much faster measure-
ment of the light-attenuation curve if we complement the
current measurement with a SPE coincidence measurement
at a single chosen position, in a preliminary calibration of
the scanner using a muon telescope. The variations in gain
between electrical channels of the PMT [6] and the cur-
rent to voltage converter hardware [7] must be taken into
account.

3.2 Scanner calibration

To calibrate the scanner, an ad-hoc designed muon tele-
scope [7] via a time-coincidence experiment is used. A
charge histogram is produced at specific points along the
scintillator bar and divided by the corresponding gain mea-
surement for each PMT channel (and by the mean SPE
charge) in order to determine the number of SPEs of each
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Figure 3: Superposition of the number of SPEs measured
with the muon telescope together with scanner measure-
ments on the same scintillator-fiber-PMT set up. The x axis
is distance along the fiber from the PMT, the y axes are sig-
nal amplitudes measured in SPE for the coincidence mea-
surements and volts for the scanner measurements. Figure
adapted from [7].

coincidence event. This number is recorded for each posi-
tion along the main scintillator bar and a light-attenuation
curve is thus obtained which acts as a reference for the mea-
surements to be performed with the radioactive source. The
whole setup is assembled separately from the module for
one bar, and is placed in a dark box.
To verify that the scanner calibration method as proposed is
viable, we need to compare the measurements of the muon
telescope with the scanner measurements of current taken
on the same scintillator-fiber-PMT set up. The results of
these measurements, along with the ones of the muon tele-
scope are shown in Figure 3. This figure shows a clear
agreement between scanner and muon telescope measure-
ments. Included in the plot is the double exponential fit per-
formed using the measured data with the muon telescope
(see eq. (10) in [8]). The middle point, at distance 295 cm
from the PMT was picked arbitrarily and used as a refer-
ence to match the tendency curve produced by the muon
telescope measurements with the scanner measurements,
for a relative calibration. The rest of the data set follows
the same tendency of the double exponential fit, either for
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Figure 4: The left panel shows the scanning results for the first 32 channels of the scintillator module tested. The 32 curves
are superimposed, one for each channel. The right panel shows the measurement results for the second 32 channels. The
y axis is a voltage drop. The x axis is the distance along the fiber from the PMT to the point of radiation. Figure adapted
from [7].

the SPE measurements or the voltage measurements vali-
dating our scanner method.

3.3 Scanner measurement results

The scanning was performed in the 9 m long by 1.4 m wide
scintillator module shown in Figure 1. Results are shown in
Figure 4, which reveal significant variations between chan-
nels. The main factors that may produce these variations
are: i) The fiber, which can produce these discrepancies if
one is broken or if there are inhomogeneities in its fabri-
cation. ii) The scintillator, the same argument mentioned
for the fibers also applies to the scintillators. iii) The PMTs
quantum efficiency. The gain non-uniformity was compen-
sated in the plots of Figure 4, leaving only quantum effi-
ciency variations from one pixel to the other as a possible
source of variations from the PMT. iv) Deficiencies in the
fabrication of the scintillator module, which can affect the
collection of light from the scintillator to the PMT: defects
on the fiber-scintillator gluing process, erroneous focaliza-
tion in the optical connector from the fiber to the PMT due
to displacement of the whole set with respect to the pixels,
or defectively applied optical grease.
Module manufacturing defects can be studied in greater de-
tail if we look at channel 40 (in the right panel of Figure 4
channel 40 corresponds to the highlighted line), where a
significant drop in current in the intermediate points along
its corresponding scintillator bar can be clearly seen. This
fact points to a possible defect in the application of the op-
tical cement for that particular channel, as mentioned in iv)
above. Also, there are 5 channels that show a very low sig-
nal (see right panel). These channels are not broken but
they were left intentionally unconnected to scintillators in
order to debug the muon counters emulating different field
conditions that might affect the future module design.

4 Summary

The fabrication process of the plastic scintillator modules,
as well as their testing and a laboratory calibration system
has been outlined. The materials used for their fabrica-
tion, their mounting and mechanical design is provided. A
testing system is described that provides a reliable and fast
way to detect defects in the fabrication process. The agree-
ment between the light attenuation tendency curves gener-
ated by background muons measurements and the scanner
measurements validates the testing procedure and improves
the knowledge of the module behavior.
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