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The High Energy cosmic-Radiation Detection (HERD) facility onboard the Chinese Space Station
will provide high quality data on charged cosmic rays from few GeV to PeV energies and gamma
rays above 100 MeV. HERD will employ a Plastic Scintillator Detector (PSD) to discriminate
charged from neutral particles to help identify gamma rays and to measure the nuclei charge up to
iron. For these reasons, the HERD PSD needs to have high detection efficiency (~ 99.998%) and
a good charge resolution (~ 30% at low Z). During 2022 and 2023, beam test campaigns were
performed at CERN and at CNAO (Centro Nazionale di Adroterapia Oncologica) in Italy, aimed at
studying the overall performance of the PSD detector. A prototype detector composed of 8 plastic
scintillator trapezoidal bars of two different lengths was equipped with Silicon Photomultipliers
(SiPMs) arranged in different positions along the bars. We tested SiPM of different sizes to
increase the dynamic range and study the charge resolution in the range of Z between 1 and ~ 26.
The prototype was irradiated with relativistic protons and pions at CERN PS, an ion beam at
CERN SPS and with low momentum protons and C ions (with energy release similar to those of
high-Z relativistic particles) at CNAO. In this work we present and compare the results from these
campaigns. Moreover, we present a characterization of plastic scintillator detectors for the future
generation of space missions, with respect to their capabilities for nuclei identification, in terms

of quenching effects.
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1. Introduction

The High Energy Cosmic Radiation Detection facility (HERD) is a cosmic-ray experiment that
will be installed onboard the future Chinese Space Station (CSS), aimed at providing high-quality
data on charged cosmic rays in an energy range spanning from a few GeV to PeV, as well as gamma
rays with energies above 100 MeV [1]. The outermost instrument subsystem onboard on HERD will
be the Plastic Scintillator Detector (PSD) that will surround the entire facility. Plastic scintillator
detectors are commonly employed in satellite experiments as an anti-coincidence system for gamma
rays and for identifying charged nuclei [2, 3]. The PSD is assigned several important tasks to
accomplish. Firstly, it will contribute to the LO trigger logic by providing the veto signal necessary
for selecting gamma rays with energies below 10 GeV. Additionally, it will provides an independent
charge measurement of cosmic ray nuclei, as the energy released (and thus scintillation light yield)
is proportional to the square of the incoming particle’s atomic number (Z?). To fulfill these tasks
successfully, the PSD must meet stringent requirements in terms of an high efficiency in detecting
charged particles (> 99.8%), a wide dynamic range to identifying nuclei up to at least iron and a
charge resolution below 30% [4, 5]. To achieve high performance in terms of detection efficiency
and charge resolution, a key requirement for the PSD is a highly segmented geometry to minimize
self-veto caused by backscattered charged particles [6]. The proposed configuration for the HERD
PSD is based on trapezoidal scintillator tiles coupled to Silicon Photomultipliers (SiPMs). The
trapezoidal shape of the tiles is chosen for optimal packaging of the entire detector while SiPMs
will be utilized for reading out the scintillation light, replacing the traditional Photomultiplier Tubes
(PMTs) commonly used in space missions offering the advantages of more compact detectors with
lower power consumption, without sacrificing performance. In 2022 and 2023, beam test campaigns
were conducted at CERN and the Centro Nazionale di Adroterapia Oncologica (CNAO) in Pavia
to study the overall performance of the PSD. These campaigns aimed to optimize the scintillator
geometry and SiPM-based readout, as well as evaluate the prototype’s overall performance.

2. Prototypes tested

Beam test campaigns were conducted at CERN in 2022 [7] to evaluate the performance of
the PSD and optimize its scintillator geometry and SiPM-based readout. The initial prototype of
the PSD underwent testing during the SPS H8 beam test at CERN. The prototype used in the SPS
beam test consisted of eight trapezoidal tiles made of BC404 plastic scintillator. Two variants of
these tiles, referred to as “long” (L) and “‘short” (S), were utilized, measuring 40 cm and 30 cm
in length, respectively. Each trapezoidal tile was equipped with Hamamatsu SiPMs, namely the
1.3 x 1.3 mm? (model S14160-1315) and 3 x 3 mm? (model S14160-3015) SiPMs, referred to as
S1 (small SiPMs) and S3 (large SiPMs), respectively. Two Printed Circuit Boards (PCBs) equipped
with three SiPMs connected in parallel are placed on the larger face. These PCBs housed SiPMs of
both sizes (S1 and S3). In addition, two SiPMs connected in parallel are placed on the two smaller
sides of the bar (“end-cap”, hereafter E). During the SPS beam test, additional HERD sub-detectors
were also tested along the beam line. A picture of the prototype tested at CERN SPS HS is shown
in Fig. 1.
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Figure 1: On the left: picture of the PSD prototype compose of 4 long (L) and 4 short (S) trapezoildal tiles
tested at CERN SPS HS. The prototype was irradiated in the position indicated by the red point, between the
L2 and the S1 bar. On the right: picture of the tested trapezoidal tile at CNAO.

Further beam tests were conducted at the Centro Nazionale Adroterapia Oncologica (CNAO)
in 2023 using a smaller PSD prototype consisting of a single scintillator trapezoidal tile'. The
prototype tested at CNAO has been equipped with different SiPMs with different area (6.0 x 6.0,
3.0x3.0and 1.3 x 1.3 mm?) and cell sizes (50 pm and 15 ym). This configuration allowed the large
SiPMs to offer higher resolution but a lower dynamic range for detecting low-Z particles, while the
small SiPMs provided lower resolution but a higher dynamic range for identifying high-Z particles.
The sensors are positioned along the larger face of the tile as shown in the picture in Fig. 1. To
ensure uniform light collection, the sensor positioning was optimized using dedicated Monte Carlo
simulations [8, 9]. In both beam test campaigns, the PSD prototypes utilized the HERD-BETA
chip (fiBre trackEr readouT Asic, BETA) as the read-out electronics. The BETA ASIC, developed
by the Electronics Instrumentation Service of the Institute of Cosmos Science of the University of
Barcelona (ICCUB-SiUB) [10, 11].

3. Beam test at CERN SPS-HS

At CERN SPS-H8, the first PSD prototype was irradiated with a 330 GeV /Z ion beam derived
from a 150 GeV/A primary lead beam, impinging onto a Beryllium target with a size of 4 cm,
with an ion selection of A/Z = 2.2. The irradiation region spanned the long tile L2 and the
short bar S1 of the PSD.-+A trigger system was used to select primary particles with Z > 3 while
the two squared tiles T1 and T2 of 10 X 10 x 0.5 cm?, were placed on the beam axis upstream
the beam and downstream of the PSD prototype to monitoring of beam composition and particle
fragmentation caused by subsystems between the beam pipe and the PSD prototype. While the
ADC channel spectrum of the upstream tile exhibits excellent charge resolution, the PSD prototype
spectra did not show the same high charge resolution (maily due to the beam fragmentation). To
identify signals from primary particles with Z > 6, events (in ADC channels) from the T1 tile
were correlated with those from the PSD L2 bar. In the scatter plot shows in Fig.2, the diagonal
spots correspond to the signals from primary particles, while the tails represent energy released by
daughter particles. By performing a multi-gaussian fit on the T1 spectrum, events associated with
each primary beam particle were selected. The projection slice of the scatter plot for each primary
ion provided the signal observed by the PSD L2 tile for that specific primary ion. In the right plots

IThe CNAO is an italian canter for hadrontherapy and it has an experimental area with p and C beam accelerated up
to few hundred MeV that can be used to mimic high Z particle due to higher energy loss.
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Figure 2: On the left: Scatter plot with the correlated data (ADC counts) of the squared tile T1 and the
trapezoidal tile L2 of the PSD prototype (TOP SiPMs - 3 X 3 PCB). On the right: PSD L2 bar overall
spectrum over imposed with the spectra generated by each primary particle. These spectra are inferred by
the selection performed from the scatter plots. Each color represent a different primary ion Z.
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Figure 3: On the left: Mean ADC channels as a function of the Z? of the different primary ions from the
selected signals of the PSD L2 bar correlated with the T1 tile. The red line represents the best-fit curves

obtained using “halo-core” formula (Eq. 1) [14]. On the right: Resolution evaluated as R = ;% for all the

detector tested as a function of Z? of the different primary ions and their mean energy released (estimated
using a Monte Carlo simulation [8, 9]).

of Fig. 2, these spectra are over imposed to the overall count spectra, with each color representing
a different primary ion selection. The peak in each spectrum corresponds to primary particles
reaching the analyzed scintillator without fragmentation, while the long tails at lower ADC count
values represent the energy released by all the daughters generated along the beam line. This data
selection procedure enabled the identification of the expected peak ADC channel value for the PSD
prototype trapezoidal tiles [7].

The obtained spectra were then used to measure the charge resolution and explore the Birks’
saturation effect, which is crucial for accurately calibrating the PSD response [12]. At higher
energy losses, a saturation effect is commonly observed in plastic scintillator materials. This
saturation effect is described by Birks’ law [13], which considers the quenching effects and relates
the scintillation light yield dL/dx to the energy deposited dE /dx [14]:

dE
%:A-—(L]{”).gm-fhj—f (1)
b dx
where dE/dx o Z?, f;, represents the fraction of energy deposited in the halo, k; is the Birks
constant that depends on the material and governs the strength of the saturation and A is an overall
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gain normalization. The plot on the left in Fig. 3 shows the ADC counts as a function of Z>
for the primary particles observed by the PSD L2 bar. Each point corresponds to a different
ion (Li3+, Be*t, B, etc.), and the red line represents the best-fit curve obtained using Eq.(1),
which shows a very good agreement with the measured data. To assess the PSD prototype’s
capability to identify nuclei, an estimate of the energy resolution was obtained by fitting the peaks
corresponding to different primary Z particles with Gaussian functions. The energy resolution
R was calculated as R = 0 /M PV, where o and M PV are the sigma and mean values of each
fitted Gaussian, respectively. Fig. 3 shows the R value as a function of the primary particle’s Z
for all the different detector prototypes tested (T1 tile, T2 tile, and PSD L2 bar). The second
axis on the top shows the expected energy released by each ion, evaluated using Monte Carlo
simulations [8, 9]. High-Z particles are better resolved. Furthermore the results show that the
smaller SiPMs (e.g.514160-1315 - 1.3 x 1.3mm?) collect less scintillation light, resulting in
reduced energy resolution compared to larger SiPMs (e.g., S14160-3015 - 3 x 3mm?). However,
using smaller sensors allows for an increased dynamic range of the detector to avoid saturating the
readout chain for high-Z particles.

4. Beam tests at CNAO

During the CNAO beam test, a single prototype trapezoidal tile of the PSD was irradiated with
proton and carbon ion beams accelerated to a few hundred MeV that mimic high Z particles with
the higher energy loss. One of the initial tests involved irradiating the tile at different positions
to study the uniformity of light collection. The schematic of the prototype, shown on the top
of Fig. 4, indicates the two reference SiPMs used for this study. Both SiPMs were Hamamatsu
S14160-3050HS models with an area of 3.0 x 3.0 and a cell size of 50 um. One SiPM was
positioned centrally (circled in red), while the other was placed externally (circled in green) along
the larger face of the tile.

The tile was irradiated at 18 different positions along the larger face, with a step size of 2 cm,
using a beam of protons at 226.91 MeV. The left plots in Fig. 4 shows the signals collected by the
reference SiPMs for all the scanned positions (central and external SiPMs shown on the top and
bottom, respectively). Each color represents a different scan position. The right plots show the
maximum values evaluated by fitting the spectra with a gaussian as a function of the beam position
along the tile. The red lines indicate the distance in terms of o from the pedestal, revealing that
nearly all the collected signals are resolved. Both plots demonstrate significant non-uniformity in
light collection, primarily attributed to scintillation light reaching the SiPM without undergoing
internal reflection within the trapezoidal tile (“prompt light effect” [8]). Additionally, when the
beam directly hit the SiPM, an additional signal was observed due to ionization in the silicon, often
resulting in the saturation of the readout chain. These effects can be addressed during flight data
acquisition by utilizing a tracking system that provides information about the particle trajectory.
This enables the evaluation and compensation of the non-uniformity in light collection.

A second test was performed, irradiating the tile with protons at 228.57 MeV and carbon ions at
259.75 MeV /u in the central position to study the charge resolution for different SiPMs at different
gains of the SiPM preamplifier. For each gain the ADC spectra were fitted using a Gaussian function,
and the resolution was determined by evaluating following the same methodology discussed in
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Figure 4: Scan results for studying light collection uniformity. The positioning of two reference SiPMs
(S14160-3050HS), along the tile face is shown on the top. The tile was irradiated at 18 different positions,
with a step size of 2 cm, using a beam of protons at 226.91 MeV. Left plots: signals collected by the reference
SiPMs (normalized to the maximum) for all scanned positions, with central and external SiPMs shown at the
top and bottom, respectively. Each color represents a different scan position. Right plots: maximum values
of the signal as a function of the scan position.
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Figure 5: Resolution evaluated by fitting the signals at different gains using a Gaussian function, for the
Low-Z SiPMs (50 um cell sizes) with p at 228.57 MeV (left panel) and for the High-Z SiPMs (15 um cell
sizes) with both p at 228.57 MeV and C at 259.75 MeV /u (central and right panels) impinging the trapezoidal
tile in the central position.

section 3. The results for all the SiPMs are presented in the plots of Fig. 5. In particular, the left plot
shows the results obtained for SiPMs with S0um cell sizes when the tile was irradiated in the central
position with a proton beam of 228.57 MeV. The tile was equipped with two S14160-3050HS
SiPMs with an area of 3.0 X 3.0 and two S14160-6050HS SiPMs with an area of 6.0 X 6.0. These
SiPMs, with larger cell sizes, generally exhibited higher intrinsic gain, leading to enhanced detection
efficiency for Minimum Ionizing Particles (MIPs). However, they were less suitable for detecting
high Z particles due to potential saturation of the readout chain. As a result, they can be primarily
utilized as “Low-Z SiPMs”. On the other hand, the central and right plots in Fig. 5 present the
results obtained for SiPMs with 15um cell sizes when the tile was irradiated in the central position
with both the proton and carbon beams. In this case we have considered the signals collected by
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the S14160-1315PE SiPMs with an area of 1.3 x 1.3 mm? and the S14160-3015PE SiPMs with
an area of 3.0 X 3.0. These SiPMs, with smaller cell sizes, generally exhibited lower intrinsic
gain, optimized for efficient detection of MIPs. However, the lower gain proved advantageous for
expanding the dynamic range and enabling detection of heavy ions such as iron. Hence, they can
be primarily utilized as “HighZ SiPMs”. It is worth noting that all the plots in Fig. 5 consistently
exhibit resolution values below 20% for all configurations.

5. Conclusion

The Plastic Scintillator Detector (PSD) plays a crucial role in satellite experiments, serving
for y-identification (charged particle veto) and nuclei identification (charge measurement). In this
study, we have presented the main findings from the beam test campaigns conducted at CERN SPS
HS8 and CNAO, aiming to evaluate the performance of the PSD prototype for particle identification.
The various prototypes developed and tested have provided invaluable insights for enhancing the
design. The results obtained can be used to define the final geometry of the PSD of the HERD
facility and the best configuration for the SiPM positioning in order to satisfy the requirements to
be used as charge detector. The preliminary results here presented demonstrate the capability of the
prototypes in fulfilling all the necessary requirements for the flight version of the HERD facility.
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