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Abstract: The High-Energy Particle Detector (HEPD-02) is one of the scientific payloads of the China
Seismo-Electromagnetic Satellite (CSES-02). The HEPD-02’s main purpose is to characterize the
particle environment in the Earth’s vicinity, identifying sudden changes in the fluxes and correlating
them with solar and terrestrial phenomena. Additionally, HEPD-02 also has capabilities in detecting
Gamma-Ray Bursts. At the core of HEPD-02, a tower of scintillation counters made of plastic and
LYSO crystals is able to recognize electrons in the range between 3 and 100 MeV, protons and nuclei
between 30 and 200 MeV /n. Plastic scintillators covering the calorimeter on five sides allow to reject
particles entering from the top and not completely absorbed within its volume. In this work, the
design of the HEPD-02 is reviewed in comparison to its predecessor, HEPD-01, highlighting the
innovations of the new design. The design of each scintillation counter type has been fully validated
through a campaign of prototype realization, testing, and characterization. The production of the
scintillation counters, including the PMT selection process, is also discussed. Finally, the performance
of the counters is compared with simulations, showing an agreement of within 20% with the expected
performance, thereby meeting expectations.
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1. Introduction

The China Seismo-Electromagnetic Satellite (CSES) is a space program a space pro-
gram in collaboration between China and Italy, aimed at the study of the electromagnetic,
plasma, and particle environment in low Earth orbit, with the main purpose of correlating
perturbations observed in the magnetosphere with seismic activity [1,2]. The first satellite,
CSES-01, was launched in February 2018 and is currently collecting data. A second satellite,
CSES-02, will be launched at the end of 2024.

Both satellites are hosting, among several other instruments, a High-Energy Particle
Detector (HEPD-01, HEPD-02), aimed at measuring the flux of electrons, protons, and nuclei
in the few to a hundred MeV range. HEPD is dedicated to look for sudden increases in
particle counts, i.e., particle bursts, due to particles precipitating from the Van Allen
belts, and to study possible correlations with disturbances caused by solar or terrestrial
phenomena. Moreover, HEPD-01 already demonstrated the capabilities of this kind of
detector in characterizing the radiation environment around the Earth, such as the trapped
component in the South Atlantic Anomaly [3]; in monitoring the solar activity through the
detection of Solar Energetic Particles [4]; and also in the detection of Gamma-Ray Bursts
(GRBs) [5].

The HEPD-02 detector introduces two main innovations ever used in a space-based ex-
periment: Monolithic Active Pixel Sensors (MAPSs) for particle tracking [6], and the longest
ever employed Cerium-doped Lutetium-Yttrium Oxyorthosilicate (Luy(; ) Y2:5i05:Ce,
or LYSO) of 15 cm. The manufacturing of the latter has been complex, but its use allows for
both excellent energy measurements and presents capabilities in GRB detection [7,8].

The HEPD-02 scintillation counter system is designed to generate the trigger signal for
the entire experiment, identify different types of particles, measure their energy, and detect
particles entering or exiting the inner calorimetric region from the sides or bottom.

The HEPD-02 scintillation counter system introduces several improvements over the
HEPD-01 design. First, the HEPD-02 LYSO scintillators are segmented into two layers,
each containing three bars, compared to the single layer of nine cubes used in HEPD-01.
These longer bars are read from both ends by two photomultiplier tubes (PMTs), enhancing
light collection efficiency. The use of LYSO bars also improves the mechanical design by
reducing the amount of passive material that particles must traverse. Second, the inclusion
of a 2 mm triggering plane at the top of the HEPD-02 extends the instrument’s energy range
to lower energies and enhances particle separation.

In Section 2, the HEPD-02 full detector is illustrated. In Section 3, the measurements
performed to validate the design of all the counters are described. In Section 4, the addi-
tional characterization of LYSO crystals is shown, and in Section 5, the PMT characterization
procedure and the sorting and coupling to scintillators are discussed. Finally, a Monte
Carlo simulation able to reproduce the behavior of the HEPD-02 scintillation counters will
be discussed in Section 6.

2. The High-Energy Particle Detector

The HEPD-02 design [9] is an improvement of the HEPD-01 detector [2]. The in-
strument is composed of a trigger system, a direction detector, a range detector, and an
energy detector. The typical response of the full HEPD-02 detector is shown in Figure S1 of
the Supplementary Materials, where the signal released by a 228 MeV proton traversing
the detector is displayed. An exploded view of the system, with photos of the modules,
before the final assembly is presented in Figure 1, wherein, from the left to the right side of
the figure, the following are shown:
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e Trigger Detector (TR1): The plane is made up of five 2 mm thick, plastic scintillation
counters of 32 x 154 mm?2. Both ends of each scintillator are coupled to flat, 6 mm
thick, light guides. The light guides, in a trapezoidal shape, have different lengths
on the two sides—25 mm at one side and 46 mm at the other. Each guide ends in a
6 x 8 mm? window where it is coupled to the PMT active area. TR1 thickness is kept
to a minimum to allow for the triggering of MeV particles that are of particular interest
for the HEPD-02 physics.

e Direction Detector (DIR): It has dimensions of 150 x 150 mm? and is made of five
standalone tracking modules, each composed of three layers of MAPS [6].

o  Trigger Detector (TR2): The second trigger plane is composed of four 8 mm thick
plastic scintillators, oriented perpendicularly to TR1 counters, with dimensions of
36 x 150 mm?.

*  Range Detector (RAN): The calorimeter is divided into two sections, whereby the up-
per one is made of a tower of twelve 10 mm thick plastic scintillators with dimensions
of 150 x 150 mm?, named RAN1 to RAN12, enclosed into three separated mechani-
cal units.

*  Energy Detector (EN): The bottom part of the calorimeter is composed of two or-
thogonal layers, EN1 and EN2, of three 25 mm thick LYSO crystal bars measuring
49 x 150 mm?.

¢  Containment Detector (CD): Five 8 mm thick plastic scintillator panels enclose the de-
tection volume and, in anti-coincidence with the trigger, reject particles not completely
absorbed into the calorimeter. The bottom panel (BOT) has dimensions measuring
166 x 166 mm?, while the lateral ones (LAT) have an envelope size of 212 x 286 mm?.

The scintillation counter system of HEPD-02 (including TR1, TR2, RAN, EN, and CD)
has been designed to satisfy the technical and scientific requirements detailed in Table 1.
The plastic scintillators (TR1, TR2, RAN]1, ..., RAN12, LAT, and BOT) are made of EJ-200,
a polyvinyl toluene polymer manufactured by Scionix (Utrecht, The Netherlands), with a
light yield of about 10* photons/MeV, a maximum emission wavelength of 420 nm and a
decay time of about 2.1 ns (see Eljen Technology, EJ200 Data Sheet, https://eljentechnology.
com/images/products/data_sheets/EJ-200_E]-204_E]J-208_E]J-212.pdf , accessed on 20
October 2024). The crystal scintillators (EN1, EN2) are made of LYSO, manufactured
by Filar-Optomaterials (Tortoli, Italy) with an expected light yield of about 3 x 10* pho-
tons/MeV, with a maximum emission wavelength of 420 nm and a decay time of about 40 ns
(see the Luxium Solutions, LYSO Data Sheet, https:/ /www.luxiumsolutions.com/sites/
default/files/2023-08/142266_Luxium_LYSO-Material-Data-Sheet_FIN.pdf, accessed on
20 October 2024). These LYSO bars, being 15 cm long, are the largest crystal counters ever
produced for a space-based experiment.
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TR1

Figure 1. An exploded view of the HEPD-02 detector, from left to right: the two trigger planes (TR1
and TR2) with the direction detector (DIR) in between, one of the lateral containment panels (LAT),
the two LYSO crystal planes (EN), the bottom containment panel (BOT), and the plastic scintillator
tower (RAN) [9].

Table 1. A summary of the technical and scientific requirements of HEPD-02.

Operating temperature —10°C =+ +35°C

Operating pressure <6.65-1073 Pa

Power Budget <45W

Mass Budget <50 kg

Data Budget <100 Gbit/day

Life Cycle >6 years

Kinetic Energy Range for e™ 3 MeV - 100 MeV

Kinetic Energy Range for p 30 MeV - 200 MeV

Energy Resolution <10% for e~ with E > 5 MeV

All scintillators are wrapped in aluminized Mylar and coupled to two Hamamatsu
R9880U-210 PMTs (Hamamatsu Photonics, Hamamatsu, Japan) on opposite sides. Reading
scintillators from both sides ensures a uniform efficiency for the trigger counters versus
the longitudinal coordinate (defined as the coordinate along the axis passing through
the center of the two PMTs, with the origin in the center of the counter). Additionally,
the sum of signals from the two opposite sides is roughly independent from the impact
position. The PMT readout board was designed to comply with the power requirements
of the satellite and to read out the last dynode matching the signal polarity needed by the
CITIROC ASIC (CAEN, Viareggio, Italy) [10]. The interface between scintillators and PMTs
is insured by EJ-560 silicon rubber optical pads (Scionix). To ensure a good optical contact
between the PMT photocathode, the optical pad, and the scintillator face, distances are
controlled by adjustable spacers. In the case of the LYSO counters, to prevent potential
optical cross-talks due to their high light yield, crystals are covered with PVC black tape.

Two identical copies of HEPD-02 were built, a qualification model (QM), and a flight
model (FM). The performances of both models have been extensively studied.
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3. Counter Prototype Validation

A prototype validation campaign was performed to confirm that the scintillation
photons produced by cosmic rays passing through the center of the counter were enough
to provide trigger and energy deposit measurement. This is particularly important for the
TR1 trigger detector, which was only 2 mm thick.

Six different types of scintillating counters are present in the HEPD-02 design as
described in Section 2: TR1, TR2, RAN, EN, BOT, and LAT. Prototypes of each counter type
were realized using the scintillating materials, wrapping, and PMTs selected for production.

The PMTs were read by electronic boards similar to the ones designed for the FM. While
the counters were realized following procedures similar to the ones that were employed for
the flight hardware, the supporting mechanics was adapted from the one readily available
in the laboratory. The prototypes of the different counters are shown in Figure 2.

The prototypes were tested with a large scintillator tracker (NESSiE) available in the
laboratory of INFN Bologna. NESSIE is composed of five planes, each one constituted of
two orthogonal layers of scintillators, with a triangular cross-section able to reconstruct
with high-efficiency tracks with inclinations up to 17 degrees and with a spatial resolution
of 2 mm at the center [11]. The scintillation counter under test was placed inside a black
box at the center of the NESSIE tracker. The PMT high voltages (HVs) were set to obtain
a gain of ~10°. NESSiE was used for triggering the acquisition of the counter under test
read out by a CAEN digitizer V1751. Tracks were reconstructed using NESSIiE information
and then correlated with the two PMT-measured pulse heights and integrated charges.
Off-time signals were used to evaluate the respective pedestals and noises. To accumulate
enough statistics, the set-up for each counter was left in acquisition for a period of one to
two weeks. The signals had a signal-to-noise ratio S/N > 10 in all positions along all the
counters. In the case of TR1, a difference of 10 to 15 % between the two sides due to the
asymmetry of the light guides was observed. This asymmetry does not have any impact on
the trigger efficiency and can be compensated for with PMT equalization.

To test the trigger efficiency, a threshold of 20 mV was imposed [12] to signals on both
sides of each counter. The trigger efficiency, derived with the logical OR of PMTs, is better
than 95% for all prototypes with good spatial uniformity.

The integrated charge measured from both the PMTs of the counter under study
Q12 was studied versus the impact position on the counter. For each position, the most
probable value (MPV) of the signal distribution was calculated with a Landau distribution
convoluted with a Gaussian. The two PMT responses were equalized to the MPV average
at the center of the counter. In Figure 3, the equalized MPV charge registered by each one
of the two PMTs of the TR1 counter under test as a function of the longitudinal coordinate,
and the charge distribution observed at the center of the counter are shown.

The number of photo-electrons (p.e.) produced at the center of the counter can be
derived directly from the measurement of the width of the distribution of the charge asym-
metry (Q1 — Q2)/(Q1 + Q2), with the assumption that the signal is attenuated similarly at
the location of the two PMTs, a condition that approximately holds for TR1, TR2, RAN, EN,
and BOT. In the first approximation, the following relation can be derived:

N= L. (1)

202
where N is the number of photo-electrons detected at the PMT location, and ¢ is the width
of the Gaussian fit of charge asymmetry distribution. The right-most image in Figure 3
presents the charge asymmetry of TR1 obtained for a sample of events passing through an
area of ~1 cm? at the center of the counter. The asymmetry distribution was fitted with a
Gaussian, leading to an estimation of the number of the photo-electrons of N = (27 £ 1) p.e.
in agreement with the expectations from the simulation.
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Figure 2. Pictures of the counter prototypes under study. On the top-left panel, the trigger plane
counters (TR1 and TR2) are shown. On the top-right, a calorimeter tile (RAN) is displayed. One
of the LYSO crystals (EN) and a prototype of the lateral containment panel (LAT) are shown on the
bottom-left and right panels, respectively. Each prototype contains a scintillating volume (either
LYSO or plastic) of different dimensions, wrapped in aluminized Mylar to reflect the light produced
by cosmic rays passing through the scintillator, guiding it toward the edges of the volume. The light is
collected by two PMTs, positioned on opposite sides of each prototype, and coupled to the scintillator
through optical pads. As shown in the top-left figure, the TR1 counter also features trapezoidal

light guides.
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Figure 3. On the left, the MPV charge recorded by the two PMTs versus the longitudinal coordinate is
presented. The behavior of the MPV versus the longitudinal coordinate provides a direct measurement
of the uniformity of the response. In the middle, the equalized PMT charge distributions for a
sample of tracks passing through the center of the counter are presented. The amount of collected
charge is enough to trigger at least one of the sides of the counter in any position. On the right,
the charge asymmetry distribution for the same sample is presented. This distribution is used to
directly estimate the number of photons generated for a particle passing through the middle of
the counter.

The charge distributions and charge asymmetries were studied systematically for all
counters (see Figures 52-S5 of the Supplementary Materials). In Table 2, the MPVs of the
maximum signal amplitudes, integrated charges, and number of photo-electrons for impact
positions in the middle of the counters are given. Counters TR2, RAN, EN, and BOT show



Remote Sens. 2024, 16, 3982

7 of 15

amplitude signals and charges well above the TR1 ones. Due to its geometry and PMT
location, the LAT has a very different signal dependence from transversal and longitudinal
coordinates on the two sides. However, these signals are in magnitude well above the TR1
signal in all locations.

Table 2. For each counter sample, the following quantities are derived: (i) the MPV of the signal
maximum amplitude, (ii) the MPV of the integrated charge, and (iii) the mean number of photo-
electrons for a sample of minimum ionizing cosmic muons passing through an area of ~1 cm? around
the center of the counter. A correction for the difference in photon transmission due to the light
guides in TR1 is included.

Counter Amplitude (mV) Charge (pC) N (p.e))
TR1 43.7+£0.7 5.31£0.06 27+1
TR2 221.1£15 351£0.2 197 +£4
RAN 114+ 11 299+0.1 130 +2
EN 513 +29 477 £27 2986 + 194

4. LYSO Crystal Characterization

To achieve a comprehensive characterization of the LYSO crystals manufactured by
Filar-Optomaterials, a series of dedicated measurements was conducted [13]. These crystals
constitute a novel product of the company developed specifically for HEPD-02, featuring
non-standard dimensions that required careful crystal growth, cutting, and polishing, mak-
ing it particularly crucial to meticulously understand their properties. The characterization
of the crystals was conducted in three steps: (i) calibration of the energy response, (ii) esti-
mation of the spectrum due to the intrinsic activity of Lutetium, and (iii) determination
of the light response as a function of the particle impact point; the latter is discussed in
Figure S6 of the Supplementary Materials.

Each crystal was characterized after being wrapped, and the response was recorded
using two Hamamatsu R9880U-210 PMTs placed on opposite surfaces separated by the
largest distance. A voltage of 700 V was applied to the PMTs to obtain a gain of about
4 x 10°. This characterization was performed for six crystals for the FM, six in the QM,
and four spares. In the following sections, we provide a comparison of the sixteen samples.

4.1. Calibration of the Energy Response

The y-ray emission at 1.333 MeV and 1.173 MeV of a ®*Co sample was used to calibrate
the crystals at low energies. The emitted radiation collected by LYSO crystals was measured
using a trigger logic that required coincidence between the two PMTs of the LYSO crystal
and a nearby Nal(T1) detector. PMT signals were acquired using a Teledyne LeCroy
HDO9104 oscilloscope (Marcon, Italy). For calibration at higher energies, two EJ-200
plastic scintillators with dimensions of 50 x 30x 10 mm? were placed above and below
the crystal to trigger cosmic muons passing through the LYSO crystal. Minimum ionizing
muons lose about 10 MeV/cm in LYSO, resulting in an energetic deposit of approximately
25 MeV for particles crossing the samples vertically. With the aid of the HEPD-02 direction
detector [14,15], we evaluated the impact position and arrival direction of cosmic muons.
By selecting the arrival angle of the muons, measurements were performed between
25 and 30 MeV. Measurements of the amplitude distribution MPV for muons and ®°Co
allowed us to perform the calibration illustrated in Figure 4. All crystals showed similar
calibration factors.
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Figure 4. The left panel displays the energy calibration line for one PMT of a given sample derived
from the measurement described in Section 4.1, accompanied by a ratio plot depicting the relationship
between the fitted line and the measured points. The constant of the fitted line is considered to be
zero. On the right, the slopes of the sixteen crystals (i.e., the energy calibration factors obtained from
the fit in the left figure) are presented in three histograms, where the y-axis represents the number of
crystals with the same calibration factor within the error bars. The histograms are for the different
groups, from top to bottom: FM group, QM group, and spare group, respectively. The means of the
histograms for the three different groups are statistically compatible within one standard deviation.
These values represent the arithmetic mean of measurements obtained from the two PMTs associated

with each crystal.

4.2. Estimation of the Spectrum Due to the Intrinsic Activity of Lutetium

LYSO contains natural Lutetium, which comprises approximately 2.6% of the radioac-
tive isotope 17°Lu. This material is subject to an intrinsic radioactive background due to the
decay of 17°Lu via B-emission, with a half-life of 3.76 x 10'° years. The mean and maximum
emitted § energies are 182 keV and 593 keV, respectively, and the decay generates excited
states of the daughter isotope 7°Hf, which produces a chain of three y-rays with energies of
88,202, and 307 keV. This intrinsic radiation results in a spectrum consisting of four peaks at
88, 88 + 202, 88 + 307, and 88 + 202 + 307 keV, depending on the probability of one or more
photons escaping the crystal. Extensive Monte Carlo simulations of the intrinsic radioactive
spectrum are reported in the literature [16]. The measurement was performed using a
trigger logic with the two PMTs coupled to the LYSO crystals in coincidence, employing
signal thresholds in the mV range. The amplitude distribution obtained can be described
by a Gaussian shape with an exponential tail, representing the convolution of the four
7 lines and the -decay radiation (see Figure 5). The measured rate was consistent with
the LYSO total activity of approximately 40 Bq/g [17]. This measurement is essential for
establishing the HEPD-02 experiment’s calorimeter thresholds, which should be kept as
low as possible to detect the high-end of GRB spectra while keeping a manageable rate
coming from a 7®Lu intrinsic background [7]. Figure 5 reports the photo-electron MPVs
measured in the LYSO samples created by the decay of 7°Lu.
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Figure 5. The left panel illustrates the intrinsic radioactivity spectrum generated by 17°Lu as measured
in a laboratory test by one PMT in a single LYSO sample. On the right panel, the distribution of MPV
of the spectrum is depicted for each group of crystals, from top to bottom: FM group, QM group,
and spare group, respectively. These reported values represent the arithmetic mean of measurements
obtained from the two PMTs associated with each crystal.

5. PMT Calibration

The PMTs selected for HEPD-02 are the Hamamatsu R9880U-210. These PMTs
are characterized by high gain, a fast time response, and a high quantum efficiency
in the range of wavelengths of our scintillators (see Hamamatsu R9880U-series PMT
datasheet, https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/
documents/99_SALES_LIBRARY /etd/R9880U_TPMH1321E.pdf, accessed on 20 Octo-
ber 2024).

In total, 128 PMTs were needed for the integration of the QM and FM of HEPD-02.
In each one of the two detectors, the 64 PMTs were powered by 16 HV lines. To perform the
best possible matching of the PMTs with the different scintillation counters that have widely
different numbers of photons produced by MIPs and which PMTs should be powered on
the same HV line, a detailed characterization of the PMTs’ gain versus the HV was realized.
The procedure also allowed for the discrimination of non-functional PMTs, and verification
of the nominal characteristics provided by Hamamatsu. Globally, 200 PMTs were tested.

The method applied to calculate the gain of a PMT follows the method of photo-
statistics [18]. In short, the PMT is placed inside a black box and is illuminated with
different light intensities emitted from a LED controlled in voltage. For each LED intensity,
the mean observed signal (R) is related to the number of photo-electrons emitted by the
photo-cathode (N) by the gain factor G, or (R) = G(N). The variance of the observed
signal o has essentially three contributions, (i) the Poisson statistics of the photo-emission
process, (ii) the variance of the single photo-electron distribution dspe, and (iii) electronic
noise. The LED intensities used in the tests are such that the electronic noise is always
negligible with respect to og. We can write

0% = G(1+ 42

spe) R- )

By testing the PMT with different LED intensities, the ¢ versus R curve allowed for the
derivation of the term G(1 + Jgpe). To derive the gain G, the needed Jspe was derived by
fitting the single-photon distribution that was obtained using very low intensity on the
LED with the PMT set at a reference voltage of 1000 V. To study the dependence of the
PMT gain from the HV, the procedure was repeated several times for different voltages
from 600 to 1000 V. Examples of the calibration procedure are given in Figures S7-S9 of the
Supplementary Materials. The procedure was repeated for all PMTs in bunches of four.


https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/etd/R9880U_TPMH1321E.pdf
https://www.hamamatsu.com/content/dam/hamamatsu-photonics/sites/documents/99_SALES_LIBRARY/etd/R9880U_TPMH1321E.pdf
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A comparison of the gain measured to the nominal one given by Hamamatsu at 1000 V
is given in Figure 6. The PMTs tested were found to have gains ranging from 10° to 107 and
are within 20% with respect to the nominal gains provided by Hamamatsu.
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Figure 6. The measured gain versus nominal gain for the total bunch of PMTs tested at an HV of
1000 V. The different colors refer to different PMT productions.

As observed in Section 3, different scintillators have a very different response in terms
of produced scintillation light. To ensure that the PMTs responses matched well with the
scintillator response, gains reported in Table 3 were considered as a baseline PMT target
configuration. For each group of counters, starting from the group with the lowest expected
signal (TR1) to the one with the highest signal (EN), we calculated the HV needed by all
the PMTs to obtain the target gain based on the calibration. Then, we assigned the PMTs
with the lowest HV to the considered group, assigning PMTs to the FM and the QM while
trying to keep the variance of the HV of each model within 20%. The assigned PMTs were
removed from the list and the procedure was repeated group by group. For each group,
a few PMTs were put aside as spares. Finally, the PMTs assigned to each line of the FM and
OM had a gain within 12%, while the gain difference was <5% for PMTs assigned to the
same counter.

Table 3. The target PMT gain assigned to the different counter types.

Counter Gain
TR1-LAT 3 x 10°

TR2-RAN-BOT 100
EN 5 x 10°

There are different methods of measurement of the linearity for PMTs as described
in [19]. In this work, non-linearities in the response of the PMTs are tested by comparing
the PMT response at two different distances from the LED (55, 110 mm) versus the LED
intensity [20]. In Figure 7, a non-linear behavior above VNgar = 3.5 V is observed, where
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a value of Vgar exceeds 10% of the extrapolation of the linear fit performed on VNgar
versus VeaR, in the range from 0 to 1.3 V.

8_
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| »
5— *
- .
af— .
s ¢
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21—
1=
0_|||||||||||||||||||||||||||||||||||||||||||||
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Vear (V)

Figure 7. The PMT signal amplitude at near position (55 mm) versus the amplitude in far position
(110 mm). The red line is a fit to data in the range from 0 to 1.3 V in VpaRg.

6. Simulation

Monte Carlo simulations based on the GEANT4 toolkit [21] were developed for each
scintillation counter type. GEANT4 is a framework for the simulation of the passage of
particles through matter, including electromagnetic, hadronic, and optical interactions.
The simulations take into account the propagation and energy release by the incident
particle in the sensitive detectors, the production of optical photons, and their propagation
in the material up to the interface with the PMTs. The light emission spectra of plastic
scintillators (EJ-200) and crystals (LYSO) and the PMT’s quantum efficiency as a function of
the wavelength were also included in the simulation. For each incident event, the charge
collected at each end of a counter was obtained by integrating the total number of photo-
electrons converted at the surface of the PMT photocathodes and by multiplying the PMT
gain. The absorption coefficients of the materials and the reflectivity of the wrapper were
set as free parameters to be adjusted to match experimental results. The absorption length
was found to be ~380 cm for plastic scintillators and ~300 cm for LYSO crystals, whereas
the reflectivity was found to range from 97% to 98%.

Longitudinal profiles and bi-dimensional maps of the MPV and the mean number of
photo-electrons recorded by the PMTs were reconstructed against the incident position and
then compared to the experimental data discussed in Section 3. In Figure 8, the simulated
MPV profile is compared with experimental data for the TR1 scintillator bar. Figure 9 shows
a comparison between the data (top) and simulation (bottom) of bi-dimensional maps of the
mean relative charge to the center of the bar recorded by one of the TR1 phototubes versus
the position expressed in 5 x 15 bins along the (transversal x longitudinal) dimensions.
The simulation results agree with the data within 20%. The remaining discrepancy is
probably due to the fact that the simulation considers perfect surfaces and optical contacts as
well as constant reflectivity, i.e., independent of the wavelength. For the other counters, TR2,
RAN and EN, the simulation has an agreement of better than 10%. The comparison between
data and simulation are presented in Figures S10-518 of the Supplementary Materials.
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Figure 8. The MPV of photo-electrons recorded by each PMT versus the longitudinal position for

TR1 counter.
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Figure 9. A bi-dimensional map of the mean charge relative to the center recorded by one of the
PMTs versus the impact position for the TR1 counter. At the top is the map from the experimental
data. At the bottom is the one from the simulation.
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7. Conclusions

In this paper, the design and performance of the HEPD-02 scintillation counters are
reviewed. The results obtained from testing them with cosmic muons and an external
tracking system show that prototypes of the counters have an efficiency >95% and excellent
signal uniformity, matching with the expectations of the HEPD-02’s overall design. The
LYSO counters were carefully characterized using radioactive sources and the intrinsic
Lutetium radiation. A set of 200 PMTs, over the needed 128, were characterized for a
wide range of HVs. Taking into account the difference in the number of photo-electrons
of each counter, and the fixed number of (16) HV channels in HEPD-02, the PMTs were
grouped to have similar gain onto the same HV channel. The mean HVs per channel
were also optimized to match the desired signal amplitude per counter type, ensuring that
PMTs at both ends of the same counter were approximately equalized. The PMTs were
chosen to provide the target gains at the low end of the HV working range to possibly
compensate for degradation over time with HV tuning. Comparison of the performances
based on test prototypes and preliminary GEANT4 simulation show an agreement within
20%. The HEPD-02 full simulation is based on these results [22,23].
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Abbreviations

The following abbreviations are used in this manuscript:

BOT Bottom containment panel

CSES China Seismo-Electromagnetic Satellite

DIR Direction Detector

EN Energy Detector

M Flight Model

GEANT4 Geometry and Tracking

GRBs Gamma-Ray Bursts

HEPD High-Energy Particle Detector

HV High Voltage

LAT Lateral Containment Panel

LED Light-Emitting Diode

LYSO Cerium-doped Lutetium-Yttrium Oxyorthosilicate (Luy(; _ ) Y2,5i05:Ce)
MAPSs Monolithic Active Pixel Sensors

MPV Most Probable Value

NESSiE Neutrino Experiment with Spectrometers in Europe
p-e. photo-electron

PMTs Photomultiplier Tubes

PMMA Polymethyl Methacrylate
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oM Qualification Model

RAN Range Detector

TR1 Trigger Detector 1st plane
TR2 Trigger Detector 2nd plane
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