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Abstract. Plastic scintillators are widely used for anti-coincidence systems and for the
identification of charged cosmic-ray nuclei in satellite experiments. For this reason, a plastic
scintillator detector (PSD) should have a high detection efficiency for charged cosmic rays
and a very good capability of measuring charges. We implemented a full and customizable
simulation tool to investigate the performance of a PSD coupled to Silicon Photomultipliers.
The overall performance of the detector is studied by tracking optical photons produced inside
the scintillator. The simulation will be used for the design of a PSD for future space experiments,
such as HERD, AMEGO, e-Astrogam. In this work we investigated in detail the effect of Birks’
saturation in the discrimination of charged ions up to iron nuclei. We will show the comparison
between simulations and measurements conducted on prototype scintillator tiles.

1. Introduction

Satellite experiments aimed to the detection of gamma rays and/or charged cosmic rays often
employ plastic scintillators to discriminate charged from neutral particles and to correctly
identify the different species of cosmic-ray nuclei. A Plastic Scintillator Detector (PSDs) [1]
needs to have a very high detection efficiency for charged cosmic rays, which represent the main
background for the identification of gamma rays, and a very good capability of identifying
the charged nuclei. Highly segmented PSDs are also required in order to reduce the false
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Figure 1: a) Geometry of the simulated scintillator tile with the SiPMs on the top and on the
bottom faces; b) Display of a simulated event of a relativistic muon; the green line indicate the
paths of optical photons in the tile; ¢) Other PSD geometry under test (bar option).

veto signals induced by back-splashes of secondary particles produced in the electromagnetic
showers initiated by gamma rays entering in the detector. The optimization of the geometry
is therefore essential to maximize the performance of a PSD. Next-generation space missions,
such as HERD [2, 3], AMEGO [4], e-Astrogram [5] will likely employ silicon Photomultipliers
(SiPMs) instead of classical photomultiplier tubes to read out the scintillation light, to exploit
their smaller sizes, higher mechanical stability and lower power consumption.

2. Simulation results

We developed a fully customizable simulation code for organic scintillators based on GEANT4 [6].
The code allowed to implement different geometries, detector read-outs, scintillating materials
and different reflective wrappings. For the PSD segmentation two different geometries were under
evaluation: the tile option (Fig.1a) and the bar option (Fig.1c). The latter is presented in this
work, while the former is currently under test with the same Monte Carlo code. We simulated a
plastic scintillator tile (10 x 10 x 0.5 cm?), equipped with 3 “large” SiPMs (3 x 3 x 0.5 mm?)
coupled to one side of the tile and 3 “small” SiPMs (1 x 1 x 0.5 mm?) coupled to the opposite
side, see Fig.la. The scintillating material chosen was the BC-404 [7] plastic scintillator and
its scintillation yield was set to 10400 photons/MeV. The main feature of our simulation is
the possibility to track all individual optical photons (a photon tracking example is shown in
Fig.1b). Photon production can be due to two processes: the Cerenkov effect (depending on the
material refractive index) and the scintillation process (ruled by the light yield of the material).
Birks’law, which describes the dependence of the light yield on the energy loss, has been also
implemented with the possibility to set the Birks’parameter.

2.1. Birks’ law
The Birks’ saturation effect in plastic scintillator is limited to the region close to the primary
energy deposit (scintillation “core”), while the response is still linear in the far region
(scintillation “halo”) [8]. The “halo” is mainly due to the d-ray electrons which deposits their
energy far from the primary ion. We have simulated the SiPMs response to different beams of
ions with increasing Z from 1 (H) to 20 (Ca) and with a kinetic energy of 150 GeV /nucleon
crossing the tile in its center, with normal incidence. For each set of simulations we have recorded
the number of generated photons with respect to the total energy deposit.

The plot in Fig. 2a shows the mean number of generated photons as a function of the
energy deposited by the primary particle. The energy deposited increases with Z2 (Bethe
energy loss formula [9]). The blue points from left to right corresponds to p, He™?, Lit,
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Figure 2: The plots blue points represents the mean number of photons produced as function
of the average energy deposited for a set of 1000 simulations, were obtained simulating samples
of different ions with 150 GeV /nucleon kinetic energy, crossing the tile in the central position
(from left p, He?t, Li**, ...). a) Energy deposited only by primary particles b) Energy deposited
only by d-rays. c¢) Energy deposited by primary + d-rays.

etc... As shown in the plot, the behaviour of the photon production is affected by the saturation
mechanism (“core scintillation”), and it is well described by Birk’s equation [10]. However, in the
simulation framework, it is possible to distinguish photons generated by primary particle from
those generated in different processes. The plot Fig. 2b shows the mean number of photons
produced by d-rays as a function of the average deposited energy. In this case, the number
of d-electrons increases with the atomic number Z of the primary particle, but the deposited
energy per electron does not depend on Z and the production of photons generated by J-rays
is not affected by the Birks’saturation effect because §-rays lose their energy far away from the
primary particle (“halo scintillation”). The total number of generated photons as a function of
the average energy deposited is shown in Fig. 2c. We see that for low-Z nuclei (small energy
depositions) the scintillator response is dominated by the photons generated by the primary
particle, while for high-Z nuclei (large energy depositions) the contribution from delta rays
becomes more relevant.

2.2. SiPM response

We tested the response uniformity of light collection for three different species of relativistic
ions (proton, carbon and iron) impinging on the tile. Fig.3a shows a scatter plot of the sum of
photons collected by the “large” SiPMs versus the sum of those collected by the “small” ones
as a function of the position of the primary particle in the tile. The tile has been segmented
in squares of 1.11 cm side for proton, 1.25 c¢m side for carbon nuclei and 2 cm side for iron
nuclei. To obtain more accurate results, some models of the SiPM response were implemented
in the simulation. First of all, we assumed the photon detection efficiency of the AdvanSiD
NUV SiPM [11] (45% sensitivity @420 nm). Then, we simulated cross talk effect using a model
based on a compound Gaussian [12] and a cross-talk probability of the 30%. The cross-talk
effect happens when a photon activates more than one cell in the SiPM cell array (normally 1
fired cell correspond to 1 photon), and this increases the number of detected photons.

We compared the predictions of our model with experimental data taken with a “OSr source
placed in different positions (1 cm step in x and y axis). The results are shown in Fig.3b. The
differences in the number of detected photons are mainly due to the perfect reflectivity of the
simulated wrapping. In the real case the wrapping can absorb or trap some photons, causing a
reduction in the final number of detected photons.
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Figure 3: a) Number of photons (Ph) entering in the three “large” SiPMs versus number of
photons entering in the three “small” SiPMs for 3 different particles: protons, carbon and iron
ions; b) Comparison of response uniformity between experimental data and simulated one using
a source of 20Sr.

Conclusion

We developed a dedicated simulation to study the properties of a plastic scintillator tile equipped
with SiPMs for a PSD application in the next generation of space experiments. This simulation
provides a good starting point to study the performance of a PSD coupled with SiPMs. In
particular we have studied the response of a scintillator tile with different particles and sources
in terms of the spatial uniformity response and collection time.
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