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ABsTRACT: This paper presents the development and performance of the particle tracker employing
a 3 x 3cm? plastic scintillator tile with sixteen 4 x 4 mm? SiPMs coupled to one of its faces. The
light distribution inside the scintillator allows to reconstruct the hit position using charge information
of all the SiPMs. Performance tests were conducted at the Frascati National Laboratory Beam Test
Facility (LNF-BTF) using a 450 MeV electron beam. The device showed MIP-counting capabilities,
high efficiency (96%), good timing (170 ps) and sub-mm resolution in the x-y coordinates.
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1 Introduction

Plastic scintillators detectors play a crucial role in high-energy physics experiments, due to their
low cost, high availability and light output and good timing properties. Moreover, coupling silicon
photo-multipliers (SiPM) to scintillators represents a very effective solution due to their low cost,
very fast timing and good resolution on photo-electron number.

The following pages will focus on the development and performance of a particle tracking device
employing a 3 x 3 cm? plastic scintillator tile with sixteen uniformly distributed SiPMs coupled to
one of its faces with optical glue. The light distribution inside the scintillator allows reconstructing
the hit position using charge information of all the SiPMs, i.e., evaluating positions with averages of
SiPMs center coordinates, weighted with SiPMs charges. A beam test was conducted at the Frascati
National Laboratory Beam Test Facility (LNF-BTF) using a 450 MeV single-particle electron beam.
The device showed capability to count particles event-by-event while ensuring high efficiency (96%),
good timing (170 ps) and sub-mm resolution in two coordinates.

The detector described represents an effective and low-cost solution for experiments or beam tests
requiring to detect and count charged particles with good efficiency, timing and tracking performances,
for example to reject the presence of neutral particles or multiple charged particles when a sub-mm
resolution is sufficient. SiPMs signals can be acquired with standard commercial flash-ADCs, allowing
very easy synchronization with other detectors, for example in small experiments and beam tests.

Silicon detectors provide a solution for this type of purposes, allowing outstanding tracking
resolutions of the order of microns, but show worse timing properties in general and have much higher
cost and complexity, making it difficult to synchronize their acquisition with detectors of other types.

Moreover, other detectors design providing sub-mm position resolution with plastic scintillators
employ very different readout technique like CMOS cameras [1, 2], which have the same disadvantages
as silicon detectors. It should be also pointed out that, because of different design choices, other
systems similar from the technological point of view to the one showed in this paper, i.e., featuring
scintillators and SiPMs, do not reach sub-mm resolution [3].



2 Detector design

The detector uses Eljen Technology EJ-200 plastic scintillator tiles, each measuring 3 x3 cm?, to exploit
EJ-200 high light output of approximately 10* photons per MeV, fast rise time of 0.9 ns, and decay
time of 2.1 ns. The light from the scintillator is detected by 16 Hamamatsu S14160-4050HS SiPMs,
each operated at a voltage of 41V and covering an area of 4 x 4 mm?, resulting in a SiPM/scintillator
area ratio of 28%. Each SiPM consists of 50 x 50 pm? pixels, providing a photon detection efficiency
(PDE) of 52% at a wavelength of 420 nm (matching the spectral peak of EJ-200) and a gain of 2.7 x 10°.
A 3M" Enhanced Specular Reflector (ESR) foil matching the scintillator size was placed on the
face opposite to SiPMs and coupled with optical grease, in order to improve the light collection. It
is possible that the use of a diffusive or a black foil instead of the ESR could improve the position
resolution, but it would have spoiled the light collection efficiency, thus worsening detection efficiency,
timing and particle counting capabilities.

The SiPMs are coupled to the scintillator tile using optical glue, ensuring a stable and efficient
optical connection and are than wire-connected to an electronic front-end customized for SiPM
readout [4]. The entire assembly is housed in a 3D printed box to maintain alignment and stability,
as showed in figure 1.

Figure 1. Picture showing the 3D printed box with scintillator and SiPMs, along with the wires connecting the
SiPMs to the front-end board.

SiPMs signals are processed by an analog circuit providing shaping and a factor of 10 electronic
gain and are then digitized by means of a CAEN V1742 with sampling rate set to 5 GS/s and acquisition
windows of 1024 samples (204.8 ns).

A ratio of 0.23 p.e./pC between number of photo-electrons and charge is estimated using the
2.7 x 10° SiPM and 10 FEE gains information.

The whole assembly with the detector and the front-end board is mounted on a steel block
for stability, as showed in figure 2.

The positions of SiPMs with respect to the scintillator tile edges were measured during assembly,
as shown in figure 3, in order to employ them for data analysis.



Figure 2. Picture showing the whole detector assembly in LNF-BTF during beam test.
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Figure 3. Plot showing the position of each SiPM (labelled with the corresponding channel on the digitizer).

3 Beam test and performances

The performances were evaluated with a beam test at Frascati National Laboratory Beam Test Facility
(LNF-BTF) [5] using a 450 MeV single-particle electron beam, hence providing a number of particles
around one (with a Poisson distribution) for each bunch (1 every 25 Hz). The detector was placed on
an optical 2-axis motorised stage. Alignment was achieved using a laser system at the BTF. During
test runs a Fitpix silicon detector is placed upstream in order to monitor the beam spread, showing a
0.4 mm Gaussian spread in x and y, while it is removed during data-taking.

A calorimeter consisting of a spare lead-glass module of the NA62 Large Angle Veto [6] readout
by a large area PMT (featuring a < 10% resolution at the beam energy) was placed downstream and
acquired together with the tracking detector in order to absorb and monitor the beam. Data acquisition
was triggered per bunch at the BTF rate of 25 Hz, regardless of the delivered number of particles per
bunch. A series of beam tests were conducted, each targeting different positions on the scintillator tile,
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Figure 4. Plot showing the position of the beam center for each run (labelled with a chronological index), with
respect to the detector center.

by moving the table hosting the detector. These tests included scans along two diagonals at distances
of 2.5, 5, and 10 mm from the center, as well as a run at 1 mm, as shown in figure 4.

Both SiPMs and lead glass charge depositions were measured from the waveform integral, while
the timing was evaluated interpolating the waveforms with a cubic spline and finding the time at a
threshold corresponding to an 11% constant-fraction of the signal amplitude.

3.1 Total charge spectrum and particle counting

Both total scintillator charge (sum of all SiPM charges) and lead glass charge spectra allow distinguishing
between one and two particle events, as shown from the fits in figure 5 and figure 6 for data acquired
with beam impinging at the center of the tile (central run). The MIP most probable energy deposit, for
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Figure 5. Distribution of total charge on tracking detector, fitted with two Landau functions, as expected for
MIP-like deposits corresponding to one and two particles events. The fit parameters corresponds, respectively,
to the amplitude, most probable value (MPV) and FWHM/4 (o) of the two Landau functions.
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Figure 6. Distribution of lead glass charge, fitted with three Gaussian functions together with a small flat
background, as expected for total energy deposits corresponding to one, two and three particles events.

a 0.5 cm thick EJ-200 scintillator, is about 1 MeV, while the number of photo-electrons per MIP is
~ 710, estimated from the 3087 pC peak charge for one-particle events. This light yield is compatible
with a €jgne = 50% light collection efficiency as extrapolated from the following relation:

10%/MeV - 1 MeV - €y, - P.D.E. - €jigne ~ 710p.e. (3.1)

where 10* photons per MeV is the nominal light output for EJ-200, €y, = 28% is the total
SiPM/scintillator area ratio and P.D.E. = 52% is the SiPM photon detection efficiency.

The noise level of each channel was studied by evaluating its charge RMS in the acquisition
window with random triggers, obtaining a value of 3.5 pC, which translates to 14 pC on the total
charge on all channels. The impact on the noise can therefore be considered very limited, given
the much larger charges collected for signal events.

A simple cut on the total charge can be used to reject events with more than one particle.
Efficiencies were evaluated with two cuts (4000 and 5000 pC), by considering the fitted number of
events for one and two particle events (from the lead glass charge distributions) before and after
the cuts, as shown in figure 7.

An efficiency of 83% (93%) on one particle events and 3% (5%) on two particle events was
evaluated after cuts Q < 4000(5000) pC on total charge. These values show very good particle-
counting capability for the tested detector. For this data analysis, however, it was preferred to select
one particle events in a slightly cleaner way, i.e., employing a stronger cut between 30 and 70 pC
on the lead glass charge.

3.2 Position reconstruction

The x and y positions were reconstructed using charge-weighted averages of SiPMs center positions.
The resulting distributions were fitted with two Gaussian functions, in order to better catch asymmetries,
and to measure per-run yield, mean and resolution, as shown in figure 8. Unfortunately, edge effects,
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Figure 7. Distribution of lead glass charge after a cut on total charge on the tracking detector, fitted with two
Gaussian functions, as expected for calorimetric deposits corresponding to one and two particles.

with increased asymmetry, are visible at 10 mm from the center, where there are the last SiPMs of
the assembly and the light is shared mainly with the scintillator edge.

A fifth-order polynomial function was used to calibrate the position reconstruction, by fitting
the true beam positions with respect to the reconstructed mean positions, as shown in figure 9. The
calibration curve was employed to propagate uncertainties through derivatives.

The resulting uncertainty, coming from the resolution of the two Gaussian functions fitted for
each run, was further corrected, by subtracting in quadrature the contribution from beam energy
spread estimated with the Fitpix (0.4 mm), as shown in figure 10.

The resolution of the detector ranges from around 0.7 mm in the central region to around 1.5 mm
in the outer region (at 1 cm from the center).

By using resolutions, true and reconstructed coordinates, the normalized residuals were evaluated,
and shown in figure 11.
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Figure 8. Distribution of x reconstructed position, evaluated using SiPMs center positions in mm, with the
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Figure 9. Calibration curve (5-th order polynomial) between true coordinates and reconstructed coordinates.
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Figure 11. Normalized residuals after calibration.

The SiPMs are placed at a distance of about 6 mm between each other, therefore, if one considers
an envelope of +3 mm around each SiPM center, they sample uniformly a region of 2.4 x 2.4 cm? in
6 x 6 mm? squares. Without using charge information, the resolution would be 1.7 mm, i.e., the one
corresponding to a uniform distribution with a 6 mm spread. Hence, by exploiting charge information,
a large and interesting improvement of a factor 2.5 is made in the central region.

The position reconstruction procedure comes naturally with an efficiency to be evaluated. As
a first step, for each run, the fitted number of events (from the same two Gaussian functions used
to evaluate mean and resolution) was divided by the number of events satisfying the lead glass cuts
to select single particle events. Then, a correcting scale factor near 1, found by comparing the
cut-and-count (from 30 to 70 pC) number of events, to the one fitted from the lead glass distribution
with a function comprising two Gaussians and a flat background, as shown in figure 12.

Very high efficiencies, around 96%, were found for all runs, as shown in figure 13.

3.3 Timing

Timing performances were evaluated using time differences between near channels, i.e., ch9 and
ch10 (see figure 8) for the run at the center. A time resolution oar ~ 250 ps, corresponding to a
single-channel o ~ 170ps, as shown in figure 14.
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For both channels, the most probable number of photoelectrons for the Landau function corre-
sponding to one particle events is about 100, as shown in figure 15.
The obtained value is close to the ultimate coincidence time resolution [7]:

T Td

CTR ~ ~ 140 ps 3.2)

p.e.

where 7, and 74 are, respectively, rise and decay times of EJ-200.

4 Conclusions

The development, assembly and test of a particle tracking device based on a 3 x 3 cm? plastic scintillator
tile coupled with sixteen 4 x 4 mm? SiPMs demonstrated several key performance attributes. A beam
test conducted at the Frascati Beam Test Facility (LNF-BTF) using a 450 MeV electron beam revealed
effective particle counting capabilities using total charge information. The position reconstruction
method, based on charge sharing among the SiPMs, provided sub-mm spatial resolution in both x and y
coordinates in its central region, where the edge effects are not relevant. The tracking device achieved
high detection efficiency, approximately 96%, for single particle events. The timing performance
of the device was good, with a time resolution of about 170 ps per channel.

Overall, the developed tracking device presents a low-cost, efficient solution for applications requir-
ing particle detection and counting with good timing and spatial resolution. The integration of SiPMs
with plastic scintillators offers significant advantages in terms of simplicity, synchronization with other
detectors, and performance, making it a suitable choice for various experimental setups and beam tests.
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