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Geant4 simulation strategy and event reconstruction
for HEPD-02 detector onboard the CSES-02 Satellite.
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The High Energy Particle Detector (HEPD-02) is one of the scientific payloads of the China
Seismo-Electromagnetic Satellite (CSES-02) aimed to measure particle precipitation due to short-
time perturbations in the radiation belts caused by solar and terrestrial phenomena. Developed
by the CSES-Limadou collaboration, HEPD-02 will measure particle flux and energy spectrum
in a wide range of energies and was designed to improve the performance of the 1st generation
detector. We report on the Geant4 Monte Carlo simulation developed to study the response of the
new detector. In addition to the detailed simulation, a parametric approach was also developed in
order to reduce simulation time without losing performance or precision. An event reconstruction
software is used to estimate the arrival direction, energy, and identity of the incoming particles.
Moreover, specifically designed neural networks are trained using the ADC signals from the
calorimeter and the particle impact position and direction to better reconstruct the deposited
energy, correcting for the energy lost in the inert materials obtained from simulation.
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1. Introduction

The China Seismo-Electromagnetic Satellite (CSES) is a series of Chinese-Italian space mis-
sions dedicated to monitoring of the near-Earth environment [1, 2]. Their main goal is to study
the possible correlation of electromagnetic field, plasma, and particle flux variations with the oc-
currence of strong seismic events. They also have the capability to study perturbations due to
solar and cosmic phenomena [3–5]. The High-Energy Particle Detector (HEPD) developed by
the Italian CSES-Limadou collaboration, is one of the scientific instruments on board the CSES
mission. The first satellite has been flying since February 2018; the second one, CSES-02, which
will carry HEPD-02, is expected to be put into a sun-synchronous orbit in early 2024. HEPD-02 is
designed to identify particles in a wide range of energies: from 3 to 100 MeV for electrons, 30 to
200 MeV/n for protons and light nuclei, and to measure their flux and precipitation ("particle burst")
from the inner Van Allen belt due to cosmic or terrestrial perturbations. A brief description of the
instrument is given in section 2. Detector performance was evaluated using a Geant4-based Monte
Carlo simulation assuming an isotropic incoming flux of electrons, protons, and alpha particles on
top of the instrument, showing the design meets the mission’s scientific requirements [6]. In the
following, we report on the Monte Carlo simulation developed for the HEPD-02 detector and on
the reconstruction strategy. We describe a parametric approach based on 2D and 3D maps of the
light output versus hit position for each sub-detector, allowing us to save on full event simulation
time. Preliminary results on the tuning of the detector with the use of experimental data are also
presented.

2. The High Energy Particle Detector

The High Energy Particle Detector (HEPD-02) is composed of several detectors as shown in
Fig. 1. It consists of:

• a first trigger plane (TR1) made up by 5 2 mm plastic scintillator counters of 32 × 154 mm2.

• an incident particle angle detector DD ("tracker"), 150 × 150 mm2 made of five standalone
tracking modules, each composed of three sensitive planes.

• a second trigger plane (TR2), orthogonal to TR1, composed of four 8 mm scintillators with
dimensions 36 × 150 mm2.

• an energy detector ED made of a tower of 12 10 mm plastic scintillators (RAN1, ..., RAN12),
150 × 150 mm2, and two orthogonal layers of three 25 mm LYSO crystals, 50 × 150 mm2.

• five plastic scintillator panels 8 mm thick, covering the sides and the bottom of the calorimeter
composing the containment detector (CD).

All the scintillators are wrapped in aluminized mylar and readout by 2 Hamamatsu R9880U-
210 photomultiplier tubes (PMT) at opposite ends. Details on the detector design can be found
in [6, 7].
HEPD-02 is able to detect particles on an event-by-event basis. For each individual particle, the
energy is measured and the angle between its direction and the magnetic field lines (pitch angle) is
determined.
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Figure 1: HEPD-02 detector layout. The containment panels are not shown.

3. Simulation

A Monte Carlo simulation has been developed using the Geant4 toolkit [8], in order to study
the response of the detector to protons, electrons, and light nuclei. The full simulation takes a set of
GDML files exported from the TCAD model of the detector. It includes all the sensitive detectors
(TR1, DD, TR2, ED, and CD), the inert materials, as well as the mechanical structure and electronic
box. The simulation is implemented taking into account the optical properties of the materials,
such as the light emission spectra of plastic scintillators (EJ-200) and crystals (LYSO), and the
photomultiplier’s photon-to-electron conversion efficiency. The light absorption coefficients and
the reflectivity of the wrapping material are left as adjustable parameters used to tune the simulation
to the experimental data.
In the simulation, when a particle passes through the detector, its position, direction, and energy
release in each sensitive detector subsystem are recorded. The energy released within the inert
materials is also kept for reconstruction purposes. When running in full optical mode, i.e., with the
emission and propagation of scintillation photons, the number of photo-electrons collected by each
PMT is also recorded. Several experimental tests were carried out in the laboratory with cosmic
muons in order to check the efficiency and uniformity of the single counters. These tests were also
very useful for a first tuning of the simulation parameters. As an example, in Fig.2 a comparison
of the most probable number of photo-electrons registered by a single counter of the second trigger
plane (TR2) with that obtained from the tuned simulation as a function of the longitudinal impact
position of the cosmic muons is shown. The same comparison and tuning were made for all the
HEPD-02 sub-detectors.

3.1 Photo-electron sampling

Running simulation with optical photons is very time-consuming and CPU-intensive, so a
parametric approach has been developed in order to speed up the digitization process. It consists
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Figure 2: Comparison of the most probable number of photo-electrons obtained from simulation with
experimental data as a function of longitudinal position for a TR2 trigger counter.

of constructing 2D/3D maps of the average number of photo-electrons relative to the center of
a specific counter generated from a certain energy deposit as a function of the impact position.
These maps, combined with the distribution of the mean photo-electron number at the center of the
counter as a function of the deposited energy and the corresponding ADC signal obtained from the
calibration curves of the PMT readout system, can be used for fast digitization. An example 2D
map is shown in Fig.3, for photo-electrons collected by one of the phototubes of the TR2 paddle, as
a function of the impact position (x,y). As the second phototube is on the opposite side of the TR2
bar, the map obtained is perfectly symmetrical with respect to the centre. In Fig.4, the number of
photo-electrons recorded as a function of the energy deposited in the center of the counter is given.
With these two parametrizations, for a given energy release in the detector, one can sample from a
Poisson distribution the number of photo-electrons collected by the PMTs for any primary impact
position on the counter and the related ADC signal.

4. Event Reconstruction

To reconstruct events a software was developed to estimate the arrival direction, energy, and
identity of the incoming particles. It is based on the clustering of pixels in each tracking module
using a DBscan [9] algorithm and then a Hough Transform [10] to reconstruct the tracks. Finally, a
3D linear fit of triplets obtained from the three sensitive planes makes it possible to reconstruct the
direction of the particles.
Dedicated neural networks are designed using PyTorch [11] and trained using the signals recorded in
all the sub-detectors from Monte Carlo digitisation or data acquisitions. A deep learning algorithm
for regression 1 is used to reconstruct the initial energy. It consists of a meta-estimator that fits
an optimized number of decision trees, each on different subsamples of the full dataset, and then

1https://pytorch.org/docs/stable/generated/torch.nn.L1Loss.html
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Figure 3: Map of the relative number of photo-electrons with respect to the center of the counter for different
interaction areas as seen by the PMT in the positive Y position.

Figure 4: The number of photo-electrons collected as a function of the energy deposited in the center of a
TR2 counter.

uses the average to prevent overfitting and improve performance. It is trained using the ADC
signals from the calorimeter and the particle impact position and direction to better reconstruct the
deposited energy, correcting for the energy lost in the inert materials, such as covers or mechanical
structure, obtained from simulation. In Fig.5, are shown the reconstructed energy versus the
simulated one from an independent Monte Carlo proton sample (left) and the estimated resolution
(right). The simulation shows that with the adopted design and selection criteria, the uncertainty
on reconstructed energy is less than 10% for kinetic energies > 30 MeV.

To identify the type of particle a classifier algorithm 2 was trained to discriminate between
electrons and protons, and separate between electrons, protons and alpha particles. In Fig.6, is
shown an example of the achievable discrimination between electrons, protons, and He nuclei. In
this case the algorithm exploits the different charge deposits of the various particles. Preliminary

2https://pytorch.org/docs/stable/generated/torch.nn.BCELoss.html
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Figure 5: The energy reconstructed from the Neural network and its resolution as a function of the true
simulate energy for a sample of protons incident on HEPD-02.

results shows that the particle identification accuracy can be better than 95%.

5. Conclusions

In this paper, the results of the simulation of the HEPD-02 detector carried out with the Geant4
tool have been reported. The digitization procedure and the parametric approach implemented
to speed up the simulation were also presented. Preliminary results on the event reconstruction
algorithms using fully connected neural networks from an isotropic incoming flux of electrons,
protons, and alpha particles on top of the instrument allowed to derive the performances of the
detector, showing performances that meet expectations. The HEPD-02 device is being extensively
tested under electron and ion beams at the beam test facilities. Analysis of the data obtained from
these tests will allow better tuning of the simulation parameters and to fully test and further develop
the parameterised digitisation.
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