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The High Energy Particle Detector (HEPD) is one of the scientific payloads of the China Seismo-
Electromagnetic Satellite (CSES). The first satellite of the constellation was launched in February
2018 and has been operational in nominal conditions since then. With the launch of the CSES-
02 scheduled for mid 2022, the realization of the HEPD-02 detector is ongoing. The Limadou
collaboration, in charge of the payload, updated the HEPD design to improve its performance.
A Monte Carlo simulation has been developed using the GEANT4 tool, in order to study the
response of the new detector to protons, electrons and light nuclei and validate the new design. The
comparison between simulation results and data collected during tests will also allow to calibrate
the detector response and to train a specifically designed neural network for event reconstruction.
We report preliminary results from the simulation and show that the updated HEPD meets the

scientific requirements of the CSES-02 mission
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1. Introduction

The High Energy Particle Detector (HEPD-02) developed by the Italian CSES-LIMADOU
collaboration is a particle detector of second generation to be flown on-board the CSES space
mission [1, 2]. It is aimed to measure particle flux in the range 3 — 100 MeV for electrons and
30 — 200 MeV for protons, and correlate particle burst to the occurrence of strong seismic events
and also to solar and cosmic phenomena. HEPD-02 is an update of the former HEPD-01 design
flown on-board the CSES-01 satellite since February 2018. The new design is intended to allow
measurements at lower energies. HEPD-02 is composed of several detectors:

» a first trigger plane (T1) made up of 5 plastic scintillator counters: 3.2 x 15.4 x 0.2 cm?.

+ a direction detector (tracker) 15 x 15 cm? made of five standalone tracking modules, each
composed of three sensitive planes.

* a second trigger plane (T2) segmented in orthogonal direction with respect to T1 and com-
posed of 4 scintillators of dimensions 3.6 x 15 x 0.8 cm?>.

* arange calorimeter made of a tower of 12 plastic scintillators (P1, ..., P12), 15 x 15 x 1 cm’,
and two orthogonal layers of 3 LYSO crystals: 5 X 15 X 4 cm?

* five plastic scintillator panels 0.8 cm thick, covering the sides and the bottom of the calorimeter
are used as taggers.

All the scintillators are readout by 2 Hamamatsu R9880U-210 photomultiplier tubes (PMT). Details
on the detector design can be found in [3, 4]. In order to validate the new HEPD design and assess its
capabilities a Monte Carlo simulation was developed. In the following are presented the preliminary
results of the simulation and performance of the preliminary HEPD Qualification Model.

2. Simulation

A Monte Carlo simulation based on the GEANT4 toolkit [5] was developed in order to study
the response of HEPD to electrons, protons and light ions and evaluate its performance. The full
simulation takes a set of GDML files exported from the TCAD model of the detector. It includes
the sensitive detectors (trigger, tracker, range detector, LYSO crystals and veto systems) and the
mechanical structure and electronic box. In fig. 1 is presented the layout of the detector used in the
simulation.

In the simulation the particle position, direction and energy release in each sensitive detector
subsystem are recorded. In fig.2 is shown the propagation and energy release in the sensitive
detectors for vertical electrons with uniform initial kinetic energy distribution between O and
100 MeV. Simulation can also be run in optical mode, i.e. taking into account optical photon
production, propagation and collection. The light emission spectra of plastic scintillators (EJ-200)
and crystals (LYSO) together with the photomultiplier’s photon to electrons conversion (quantum)
efficiency were included. The reflectivity of the wrapping material and the material absorption
coeflicients are taken as parameters to be adjusted to best match experimental results.
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Figure 1: A detailed view of the detector sensitive parts. From left to right, the first trigger plane connected
to PMTs through light-guides; the tracker system (dark yellow); the second trigger plane orthogonal to the
first one; the 3 blocks plastic calorimeter tower and finally the 2 layers LYSO crystals (blue). All the plastic
scintillators are in light-blue color. The containment panels are shown in transparency and have green
outlines. Also shown in light-gray are the PMTs.
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Figure 2: Location of the energy deposits in the sensitive detector volume of HEPD-01 generated by a
distribution of vertical electrons with the same impinging trajectory and with a uniform energy distribution
between 0 and 100 MeV. Three orthogonal projections are displayed.

3. HEPD-02 scientific performance

The study of HEPD performance has been carried out simulating three samples of particles:
electrons, protons and alpha isotropically generated on top of the instrument with a uniform initial
kinetic energy spectrum.

3.1 Energy threshold

Three trigger masks were examined, namely, T1 for which at least one bar of the first trigger
plane is required to fire; T1&T2; at least one bar of the first trigger plane and one bar of the second
trigger plane are fired simultaneously; and finally, T1&T2&P1 where the first and second trigger
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(a) Primary kinetic energy distribution of electrons. (b) Primary kinetic energy distribution of protons.
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Figure 3: The primary kinetic energy distribution of electrons, protons and alpha particles producing a

trigger signal in different trigger configurations.

planes are required to fire in coincidence with the first calorimeter plane. In figs. 3a, 3b and 3c are
reported the preliminary results of the simulation. They show that a significant fraction of incoming
electrons and protons reach at least the first trigger plane. Indeed, the minimum energies revealed
in the case of T1 are 1.17 MeV for electrons, 13.55 MeV for protons and 52.72 MeV for alpha
particles. The use of a 2 mm thin trigger bar for the HEPD-02 T1 plane, while keeping a very high
trigger efficiency [6], allows to reach lower energies than the first design HEPD-01 [2]

3.2 Angular Resolution
The angular resolution has been estimated on the integral simulation datasets and in bins of
energy. The angular difference between the reconstructed track (vécp,.q) and the true direction

(véc;ryue) is defined as:

€]

W = arccos(Vec pred - VeCirue)

By evaluating the angular reconstruction performance considering events in the T1&T2 trigger
configuration, one ensure to get the best achievable angular resolution by the tracker (the three
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tracker planes are hit). In fig.4a the distribution of ¥ as a function of the energy is shown for
protons.
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Figure 4: The HEPD-02 detector angular and energy resolution.

3.3 Energy resolution

The particle initial energy is reconstructed from the energy deposited in each sensitive detector
by training a Machine Learning algorithm called Random Forest Regressor [7, 8]. This algorithm is
well-known in the among the multivariate analysis techniques. It consists in a meta estimator that fits
an optimized number of decision trees, each on different sub-samples of the full dataset. After the fit
it uses the average of all the tree to prevent over-fitting and improve the performance. It was trained
on a dedicated MC sample of electron and protons to guarantee stable and reliable performance.
This algorithm is able to reconstruct energies for electrons and protons. It automatically takes into
account the profile of energy deposit compensating for the energy lost in inert materials such as
covers or mechanical structure. In fig.4b are shown the performances of energy reconstruction
tested with a statistically independent Monte Carlo proton sample.

3.4 Particle Identification

A similar algorithm called Random Forest Classifier [7, 9] was trained to discriminate along
electron and protons and separate between electrons, protons and alpha particles. In fig.5 is shown
an example of the achievable discrimination between electron, protons and He nuclei. In this case
the algorithm exploits the different charge deposits of the various particles.

4. Tuning MC to experimental data and Digitization strategy

Preliminary experimental tests are being carried out in laboratory under cosmic muons in order
to check for the efficiency and uniformity of the single counters. The tests are also very useful
for a first tuning of the Monte Carlo simulation. As an example, in fig.6 is given a preliminary
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Figure 5: On the left the distribution of the PID output for electrons (orange), protons (blue) and alpha
(green). On the right the distribution of the total energy deposited for the same particles.

comparison of the most probable number of photoelectrons registered by a single paddle of the
first trigger plane (T1) with simulation as a function of the longitudinal impact position. The same
comparison and tuning are to be done for the second trigger plane paddles and the calorimeter tiles
and crystals. Running simulation with optical photons is very time consuming and CPU intensive,
so a strategy is being developed in order to speed up the digitization process. It consists in building
up 2D/3D maps of the mean number of photoelectrons relative to the center of the counter generated
from a specific energy deposit at a specific position. These maps, combined with the distribution
of the mean photoelectron number at the center of the counter as a function of the deposited energy
and the corresponding ADC signal could be used for fast digitisation. An example map is shown
in fig.7 for photoelectrons collected by one of the phototubes of the T1 paddle, as a function on the
impact position (X,y).

Next step should be the testing of the whole HEPD-02 apparatus under electron and ion beams
at a Beam Test Facility.

5. Conclusions

In this paper were reported the results of the HEPD-02 detector simulation performed with the
GEANT4 tool. The preliminary performances of the detector assuming an isotropic incoming flux
of electrons, protons and alpha particles on top of the instrument, were also presented. First results
show that HEPD-02 seems to meet expectations. Laboratory tests are underway to measure the
performance of the prototypes, these results will be used to improve the MC description.



Expected performance of HEPD-02 Z. Sahnoun et al.

377 312 252 251 252 312 377

y position (cm)

@ 60 T
g r . ®  experimental test ]
9 r v 4 simulation 1
9 50 - ]
o r ]
g f v ]
[<]

[ m ]
£ 4 .
L r ™1 ®o
s L

v

5 L. .
2 30 A v —
[ n v e b
3 r A ] ]
E r A - vvye ]
= 20F AL fmTe =
] r ‘;"A:l q
5 vy YT 38 ‘ll-‘Z
L 10 e ® -
a . 4
o
]
2 L
= ol bbb b b b by

-8 -6 -4 -2 0 2 4 6 8
position (cm)

-15 -1 -0.5 0 0.5 1 15
. . X position (cm)
Figure 6: Comparison of the most probable

number of photoelectrons obtained from simu-  Figure 7: Map of the relative number of photo-
lation with experimental data as a function of electrons with respect to the center of the paddle
longitudinal position for a T1 trigger paddle. for different interaction areas.
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