A complete MC optical photons tracking simulation of Plastic Scintillator
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Plastic scintillators are widely used for anti-coincidence systems and nuclei identification 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 for measuring nuclei charge. 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.

Simulation outlook and purposes
We developed a GEANT4 based simulation of a customizable squared “tile” made of a BC-404 plastic scintillator equipped with 6 Silicon Photomultiplier SiPMs (3 of 1x1 mm2 size and 3 of
3x3 mm2 size) placed on two opposite lateral sizes of the tile (Fig.1). For this work the tile geometry is presented but many studies was been developed for others PSD geometries such as
the bar one (100x3x0.5 cm3) using the same software. An example is shown in Fig.2
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Fig.1 Scheme of SiPMs positions for the standard
setting of simulated tile. We use as standard
configuration a 10x10x1 cm3 tile with a Mylar
wrapping and 3x3x0.5 mm3 SiPMs put on top side
and 1x1x0.5 mm3 SiPMs put on bottom side.

The peculiarity of the simulation is the capability to produce photons inside the scintillator material by mean of the scintillation process
that use the light yield value and calculates the photon produced taking into account the energy deposited by the high energy particles,
then, tracking every single optical photon.
The user can customize a lot of geometrical and optical properties by setting all the options directly with the GEANT4 interface or via
custom Data Cards which describe the experiment:
• Number and positions for every single scintillator inside the simulation world (experimental environment),
• Type and position of the primary particle beam,
• Scintillator and SiPMs dimensions and shape for each scintillator,
• SiPMs number, shape, and position in respect to the facets,
• The optical properties of the surfaces could be set (polished, rough cut or painted)
• A wrapping could be added, and all its characteristic could be set (reflectivity, transparency, air gap, ..)
• All the scintillation parameters could be set ( light yiald, attenuation length, refractive index, …).
The Birks’ Law rules the saturation in photon generation, and it is also implemented with the possibility to set manually the Birks’
constant. In the simulation framework it is possible to distinguish scintillation photons produced directly by primary particles from
those produced by delta electrons; the total generated photons are calculated as the sum of photons due to the “core” scintillation
affected by the Birks’ saturation and the “halo” scintillation far from the primary ionization region not affected by saturation [1] (Fig.3).
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Fig.3 Mean value of the number of scintillation photons produced as a function of the energy deposited by firing the tile with different ions @150Gev/Z in
the central position. Each point represents the mean value of the energy deposited and the mean value of number of photons produced for a set of 1000
simulations.

Fig.2 Example of an event display for a bar of scintillator (100x3
cm2)

Study of the SiPMs response in respect to a fire position with protons, carbon ions and iron ions @150 GeV/Z
We set a simulation with 104 particle events firing the tile surface in random positions with an impinging angle perpendicular to the surface using 3 different particle types (protons, carbon
ions and iron ions). Fig.4a shows the mean number of photon collected by 3 SiPMs (sum of the 3 top vs sum of the 3 bottom) when the primary particle (e.g., proton) hits the tile within a
sub squared area (1.11 cm for proton, 1.25 cm for carbon and 2 cm for iron). Fig.4b shows the mean value of the photon collection time from the generation. The 95% of the photons are
collected in less than 26 ns regardless the SiPM size and type of particle. The modeling of the SiPMs was improved adding the Photo Detection Efficiency (PDE) of a previously chosen SiPM
[2]. The Cross-Talk effect due to the emission of secondary photons between the SiPMs cells was also calculated using the model in ref [3] with a cross-talk probability of 30%. An example of
how the number of photon detected by the change is shown in Fig. 4c.
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Fig.4 (a) Count maps of photons hit the SiPMs for 3 different particles: protons, carbon ions and iron ions. (b) Cumulative curve for the arrival photon time (all positions). (c) Mean number of detected photons
by the 2 different SiPMs size and 3 different particles, applying the PDE and the Cross-talk model

Study of the SiPMs response in respect to a 90Sr beta emitters source
We set a simulation with a source of 90Sr simulating 104 radioactive decay event chains (90Sr/90Y) that generates two main electron energy branches as shown in Fig.5a. The simulation
shows how only the 90Y branch has enough energy to pass the mylar wrapping as shown in Fig.5b-top. This result was compared with data acquired using a SiPM ASD NUV-SiPMs 3x3
mm2 [2] and a 90Sr source with activity of 100 μCi (Fig.5b-bottom), the red line in figure shows also a comparison with an a cosmic-ray spectrum. Fig.5c shows a uniformity comparison
between the SiPM experimental acquisition (center) obtained as the photons detected mean value moving the 90Sr source with step of 1 cm over all the Tile surface and a simulated one. For
the simulated one the PDE and the cross-talk was not taken into account.
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Fig.5 (a) Theoretical energy spectra of beta particles emitted from a 90Sr/90Y source. (b) Comparison of an experimental 90Sr acquired spectra and a simulated one, in red is shown an acquisition with
cosmic rays. (c) Comparison of uniformity response between experimental data and simulated one.

Conclusion
We have 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 spatial experiments. This
simulation provides a good start point to study the PSD coupling with a SiPMs based read out system. 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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