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CSES (China Seismo-Electromagnetic Satellite) is a sophisticated multi-payload space obser-
vatory aimed to the monitoring of the Van Allen Belts dynamics, the study of solar-terrestrial
interactions and the extension at low energies of existing Cosmic Ray measurements. The first
satellite (CSES-01) is on orbit since February 2018, hosting on board the HEPD-01 particle de-
tector. The second (CSES-02) will be launched during the early 2024, and will carry HEPD-02,
a new high energy particle detector. HEPD-02 is optimized to detect charged particles: mostly
electrons (3-100 MeV) and protons (30-200 MeV), with good capabilities in the identification of
heavier nuclei. The instrument is quite compact (40.36x53.00x38.15 cm>) and presents important
upgrades with respect to its predecessor: it will be the first instrument carrying a CMOS pixel
tracker in space, designed to reach a ~ 4 micron resolution; it will mount an electromagnetic
calorimeter that includes six of the largest LYSO crystals ever used in space (15x5x2.5 cm?). The
full detector has been recently integrated, with an event reconstruction software already in place.
A detailed Monte Carlo (MC) simulation was developed and an extensive beam test campaign
performed to validate HEPD-02 capabilities in identification and measurement of kinetic energy
and arrival direction of incoming particles. In this contribution a synthetic description of the
HEPD-02 detector and its main characteristics will be given. The estimation of its scientific
performances on MC simulation will be reported, with a particular focus on their assessment with
the different beam test acquisitions and atmospheric muon data.
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1. Scientific goals of the CSES mission

The Limadou project is the Italian contribution to the China Seismo-Electromagnetic Satellite
(CSES) mission. The CSES mission [1] is a joint collaboration between the China National
Space Agency (CNSA) and the Italian Space Agency (ASI) aiming to build a sophisticated space
observatory focused on the monitoring of the electromagnetic environment, the plasma and particle
populations in the atmosphere, ionosphere and magnetosphere. The main scientific objectives of
the missions are:

* clarify on the existence and nature of a correlation between seismic events and variation of
fluxes of charged particles in the Van Allen Belts;

* extend the previous measurements of low energy cosmic rays spectrum for protons, electrons
and light nuclei [2, 3], from few MeV to hundreds MeV;

* measure transient events such as Particle Burst, Gamma Ray Burst and impulsive solar activity
(CMEs and solar flares).

On February 2018 the first satellite of the mission (CSES-01) equipped with nine instruments,
among which there was Limadou High Energy Particle Detector (HEPD-01), was launched and
it is now orbiting around the Earth. It is placed on a 98° Sun-synchronous circular orbit at an
altitude of about 500 km. A second satellite CSES-02 will be launched during the early 2024 on a
complementary orbit with respect to CSES-01, and will carry HEPD-02, a new high energy particle
detector. This instrument has been recently integrated, and it is now performing an extensive test
campaign for space qualification and calibration. It presents important upgrades with respect to
its predecessor, extending the physics reach of the mission: a novel MAPS-based tracker (marking
the first time for a pixel tracker on a space detector), an improved electromagnetic calorimeter
with additional and a new trigger logic. The addition of a second observation point will increase
the spatial coverage of the mission and lead to a significant enhancement in the statistics gathered
during the satellites operating time.

2. The Limadou HEPD-02 detector

Limadou HEPD-02 is optimized to detect 30-200 MeV protons, 3-100 MeV electrons and
identify light nuclei in a wide range of energies. As shown in figure 1 (left), HEPD-02 is composed
by several sub-detectors:

* A first EJ200 trigger plane (TR1) segmented in 5 bars (0.2 cm thick) to lower the energy
threshold of the detector and increase the acceptance;

* A pixel tracker made by three layers of MAPS modules with 29 um pitch (single hit resolution
of ~ 4 um), covering a region 15 cm x 15 cm;

* A second plastic scintillator trigger plane (TR2) segmented in 4 bars (0.8 cm thick) placed
perpendicularly with respect to TR1;



The performance of the High Energy Particle Detector HEPD-02 Francesco Maria Follega

Trigger 1

(TR1) Veto planes 104

— Integral
FermiGBMBGO

—— FermiGBMNal

—— SwiftBAT

== = HEPD02

10°

7
Total On-Axis Effective Area [cm”2]

Tracker

Trigger 2
(TR2)

LYSO calorimeter

Range Calorimeter 10~ 10-2 101 Too 10 102

Energy [MeV]

Figure 1: Exploded view of the HEPD-02 detector with all the subsystem (left) and the total effective area
on axis for gamma detection (right).

* A range calorimeter made of 12 planes of plastic scintillator (150 mm x 150 mm x 10 mm),
each one read out by two PMTs;

* a LYSO calorimeter mounting 6 of among the largest LYSO crystal used in space (15 cm x 5
cm x 2.5), accounting for ~ 4.3 Xy;

* An anti-coincidence detector (Veto) made by 5 scintillator planes.

This detector and the interaction with particles have been simulated using the GEANT4 toolkit [7].
The energy deposited in the scintillator planes is converted into light, which is then collected by the
PMTs in order to reproduce exactly the signal generated in our detector.

As its predecessor (HEPD-01) this detector will perform detailed measurement of charged
particle flux at low energies [4, 5] and will be used to identify and monitor transient phenomena in
the magnetosphere and ionosphere [6]. HEPD-02 will be able to measure Gamma Ray Burst from
a few MeV to hundreds MeV, thanks to the improved LYSO calorimeter and to a dedicated trigger
logic. Its total effective area (on-axis) is compared with currently operating GRB detectors in figure
1 (right).

3. HEPD-02 performance on simulated data

The simulation of HEPD-02 is structured in three consecutive layers. A first layer is represented
by a truth level simulation of the interaction between the particles and the detector, realized with the
GEANTH4 toolkit [7]. The energy deposits, the position and the type of the interactions are recorded
in all the detectors with increased precision in the sensitive materials.

Light production processes in the scintillators (LYSO crystals and EJ200 planes), as well as the
propagation and the collection of photons by the PMTs are parametrized using dedicated simulations
with the optical properties of the material and the Birks law [8]. This semi-parametric approach is
tuned on real data acquired on ground and during the beam test campaign.

The pixel signal and the generation of the clusters produced by the energy deposits in the tracker
is performed with TROPix [9]: a fast parametric tool reproducing the output of pixel detectors. This
tool has been tuned on beam test data of the MAPS module used for the integration of HEPD-02.
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Figure 2: Angular resolution for electrons, protons and alpha particles as a function of the kinetic energy of
the incoming particle. Blue points represents the mode of the projection on the y axis and the error bars the
HWHM of the distribution.

The scientific performance of HEPD-02 have been evaluated with a dedicated Monte Carlo
simulation for electrons, protons and alpha particles in the detection range of the apparatus. All the
three layers of the simulation chain have been executed to produce a final sample containing the
digitized information available in real data. Events were simulated with:

* flat energy spectrum in kinetic energy (range depending on the particle type);

» polar angle: 0° < # < 90°, sampled uniformly in cos” 6 in order to guarantee an isotropic
flux;

* azimuthal angle: —180° < ¢ < 180°;

» particles have been generated uniformly from a 40 x40 cm? window (parallel to the x-y plane)
right above the detector window.

Events were required to hit the first and the second trigger plane (TR1 & TR2) and therefore to
leave at least two hits on the three tracker layers.

In order to reconstruct the arrival direction, several steps are performed in the event recon-
struction software. Firstly, the DBSCAN [10] clustering algorithm is used to gather close-by pixel
in a single object called "cluster". Then, the center-of-gravity of the cluster is calculated and used
to construct track seeds with a 3D Hough transform [11]. Cluster lying close to the same track seed
are used to fit a track and the angular difference between the true and reconstructed direction is
computed as follow:

¥ = arccos(Vyr - Vpr) (D

sin 6y, cos ¢y, sin 6, cos ¢ p
Vir = | sinéy, singy, | , Vp,r =|sinbp, sing,,
cos 6, cosp,

The arrival direction reconstruction performance of HEPD-02 are displayed in fig 2. They show
that the uncertainty of this observable is dominated by the irreducible contribution of Coulomb
scattering. Therefore for low-energy electrons we have an angular resolution of ~ 10°, while for
low energy protons and helium the error is ~ 1°.
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Figure 3: Energy resolution for electrons, protons and alpha particles as a function of the kinetic energy of
the incoming particle.
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Figure 4: Receiver Operating Characteristic (ROC) curve for electron/proton discrimination (left) and the
confusion matrix with the addition of helium nuclei as a third population are shown.

The reconstruction of the kinetic energy and of the particle identity is performed using a Deep
Neural Network taking as input the calibrated signal coming from the PMTs connected to the
scintillators, the cluster shapes and the track parameters (angles and residuals). This approach has
the main advantage that correlations between variables are discovered and exploited automatically
via the minimisation of the cost function. The Deep Learning-based reconstruction strategy exploits
several information: (i) the correlations between PMTs responses; (ii) the positional information
from TR1, TR2 and LYSO bars; (iii) the anti-correlation between polar angle and kinetic energy.
The energy resolution on electrons, protons and helium nuclei is shown in figure 3. This approach
automatically compensates for the energy lost in the passive components of the detector.

For what concerns the particle identification, another deep neural network exploiting the same
information is trained to discriminate between electrons, protons and nuclei. The performance on
simulated data can be seen in figure 4.

4. Preliminary results from test data

HEPD-02 performed an extensive calibration campaign with beam test sessions which ended at
the beginning of July 2023. Moreover, several acquisitions of atmospheric muons were carried out
in order to validate the detector response to minimum ionizing particles coming with an isotropic
flux. These tests were necessary to study the performance of the different detector subsystems and



The performance of the High Energy Particle Detector HEPD-02 Francesco Maria Follega

¢ proton, mean +/- HWHM ¢ proton band, mode +/- HWHM
¢ ¢ electron, mean +/- HWHM 6000 ¢ electron band, mode +/- HWHM
25 ¢ carbon, mean +/- HWHM
+
5000
20 +
o~
£ 4000
A c
& @
; ® 5 3000
8 5
El 5
v g
10 h < 2000 } }
] H + * } " 1000 } }
by i
bttt 0
S0 100 %0 200 2o 30 3% o 0 5000 10000 15000 20000 25000 30000
Beam Energy [MeV)/amu ADC counts in RAN

Figure 5: Particle identification strategy between different particles: cluster size ve energy (left) and TR2
ADC signal vs energy (right).

to validate its functionalities. The apparatus was tested in several facilities in Italy, with different
particles and energies:

* photons and low energy electrons at 6, 9 and 12 MeV at the LINAC of Santa Chiara Hospital
in Trento;

 protons in a wide range of energies from 30-200 MeV at the APSS Protontherapy center in
Trento;

* high energy electrons from 30-120 MeV at the Beam Test Facility in Frascati;

e carbon nuclei from 115 MeV/amu to 398 MeV/amu at the CNAO in Pavia.

In these tests, one of the main focus was the discrimination of protons from low-energy
electrons, which are the main target of the mission. In figure 5 two different discrimination
strategies based on the tracker information (cluster size: number of close by pixel in a single
cluster) and on the dE/dx approach using the TR2 bars signal vs the signal collected in the range
calorimeter are shown.

The angular reconstruction capabilities have been validated with atmospheric muons and with
vertical and inclined particle beams. Figure 6 shows the performance in the reconstruction of an
isotropic flux and the pointing accuracy for a vertical 120 MeV electron beam. Very high pointing
capability has been found and the angular resolution is compatible with the contribution coming
from the irreducible Coulomb scattering.

The energy linearity of the EJ200 and LYSO calorimeter has been checked with dedicated runs
with protons and carbon nuclei. The linearity of the High Gain ADC scale and of the Low Gain
ADC scale can be seen from the plots beam energy vs ADC signal in figure 7.

5. Conclusions

The HEPD-02 detector will be launched in the early 2024 on board the CSES-02 satellite. It
will measure fluxes of particles, such as electrons, protons and nuclei and it will have sensitivity
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Figure 6: The polar angle reconstructed from an isotropic muon flux (left) and the pointing of a vertical
beam of electrons in a plot sin 8 vs ¢ (right).
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Figure 7: Energy linearity in the plastic scintillators in the LG scale with a carbon beam (left) and in the HG
scale with a proton beam (right).

to Gamma Ray Burst. The addition of a second satellite will transform CSES in one of the few
multi-satellite missions dedicated to cosmic rays. The increased coverage and the good geometric
acceptance of HEPD-02 will improve the data gathering power of the mission. A detailed Monte
Carlo (MC) simulation was developed and an extensive beam test campaign performed to validate
HEPD-02 capabilities in identification and measurement of kinetic energy and arrival direction of
incoming particles. In this contribution a synthetic description of the HEPD-02 detector and its
main characteristics was given. The estimation of its scientific performances on MC simulation has
been reported as well as preliminary performance on beam test acquisitions and atmospheric muon
data.
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