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ABSTRACT

CSES (China Seismo-Electromagnetic Satellite) is a Chinese-Italian space mission dedicated to monitoring of
variations of the electromagnetic field and waves, plasma parameters, and particle fluxes induced by natural
sources and artificial emitters in the near-Earth space. The satellite was launched from the Jiuquan Satellite
Launch Center in the Gobi desert (Inner Mongolia, China) on 2, 2018. The expected mission lifetime amounts
to 5 years.

The Italian contribution to the mission includes the design and construction of the High-Energy Particle
Detector (HEPD), aimed to detect electrons in the energy range between 3 and 100 MeV and protons between
30 and 200 MeV, as well as light nuclei in the MeV energy range.

In this paper, we describe the calibration procedures applied to HEPD based on data acquired during two
tests at accelerator laboratories, which were performed on HEPD Flight Model prior to the delivery to China
for final integration. An additional acquisition of cosmic muons was performed in order to better characterize
the detector response before launch.

1. Introduction

with several Chinese, Italian and Austrian universities and research

institutes [1].

CSES (China Seismo-Electromagnetic Satellite) is a multi-discipl- The main objective of the mission is to investigate the coupling be-
inary scientific mission led by the Chinese and Italian space agen- tween lithosphere, atmosphere/ionosphere and magnetosphere, caused
cies, and developed by the China Earthquake Administration (CEA) by a number of physical effects and interactions. Such phenomena are

and the Italian National Institute for Nuclear

Physics in collaboration mostly caused by natural events, such as tropospheric activity (e.g,
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Fig. 1. Layout of the CSES satellite: the main body has size 145 cm (Y) x 144 cm (Z) x 143 cm (X), which increases after the deployment of the solar panel and booms.

lightnings) and volcanoes, as well as by anthropogenic electromagnetic
emissions. In addition, electromagnetic disturbances associated with
seismic activity can induce ionospheric perturbations and possible pre-
cipitation of particles from the inner Van Allen belts [2-4]. To this
purpose, the mission has been conceived to take advantage of a multi-
instrument payload comprising eight detectors for the measurement
of electromagnetic field components, plasma parameters and energetic
particles, as well as X-ray flux.

Another important scientific goal of the mission is to study specific
space-weather phenomena triggered by solar-terrestrial interactions, as
well as cosmic-ray propagation. In particular, CSES mission is moni-
toring solar activity of both transient (Solar Energetic Particle, or SEP,
emission) and secular nature (solar modulation), by detecting protons
and electrons from a few to hundreds of MeV. These measurements
will add information on particle spectra in the MeV region for the
ongoing 24th solar cycle, currently monitored directly by ACE [5],
SOHO [6], Stereo [7,8], Parker Solar Probe [9] and AMS-02 space
experiments [10,11] in different energy windows, and previously by
PAMELA [12,13]. In this context, the High-Energy Particle Detector was
designed and built by the Italian collaboration in order to ensure the
highest-quality measurements of charged particles at energies between
3 and 100 MeV for electrons and between 30 and 200 MeV for protons.

During the final assembly phase, and before delivery to China,
the Flight Model of HEPD was beam tested (electrons and protons)
at various facilities (see Section 3). In addition, the instrument was
exposed to the acquisition of cosmic rays (atmospheric muons) in clean
rooms at Roma Tor Vergata Division of the National Institute of Nuclear
Physics (INFN) in Rome (Italy) between October and November 2016.
Such tests were aimed to characterize the energetic response of the
detector, necessary for in-flight particle-flux reconstruction.

The article is organized as follows: after an overview of the CSES
mission and HEPD instrument (Section 2), two beam tests, carried out
on HEPD Flight Model before satellite launch, are described in Sec-
tion 3. In particular, an electron beam test at the INFN-LNF Beam Test
Facility and a proton beam test at the Trento Proton-Therapy Center are
illustrated in Sections 3.2 and 3.3, respectively. Section 4 is dedicated
to Monte Carlo simulations of the apparatus and their comparison to
beam test data. Finally, in Section 5, we report methods and results of
energy calibrations on HEPD silicon tracker and calorimeter. We draw
our conclusions in Section 6.

2. CSES mission and HEPD Detector
CSES is the first element of a multi-satellite monitoring system

including several missions scheduled for the next few years, designed
to investigate the top side of the ionosphere by means of the most

GNSS-RO

HPM

Fig. 2. Instrument position on board CSES: in orbit configuration is shown, as can
be deduced by deployed solar panel and booms.

advanced techniques and equipment, and able to gather worldwide
data of the near-Earth electromagnetic and particle environment.

The satellite, based on the Chinese 3-axis stabilized CAST2000
platform, has a mass of about 700 kg and was placed into a sun-
synchronous orbit at a 507 km altitude, with a 97° inclination and a
periodic 5-day ground track. In its launch configuration, CSES main
body (Fig. 1) has size 145 cm (Y) X 144 cm (Z) x 143 cm (X), which
increases after the deployment of the solar panel and booms.

The satellite has two distinct working regions, in order to reduce
any interference on the scientific payloads from solar panel rotation
or attitude adjustments. One region lies in the geographical latitude
range between —65° and +65°, where data are collected and transmit-
ted, while the platform adjustment zone, where all the payloads are
switched to standby mode, is found at latitudes > +65° or < —65°. Such
operating mode of the satellite does not affect much the observational
capabilities of HEPD, thanks to its large angular aperture and the
tilted magnetic field configuration; the rigidity cut-off accessible to the
instrument at latitudes close to + 65° and longitudes near 80° and 220°
is indeed sufficiently low (mostly on southern hemisphere), allowing
the instrument to register galactic and solar particles down to the lower
energy limit of the instrument for a fair amount of time.
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Fig. 3. CAD model of the HEPD apparatus: lateral and top panels have been removed
for visualization purposes.

Table 1

Main specifications of the High Energy Particle Detector HEPD.
Mass (kg) 45
Dimensions (cm?) 40.36 x 53.00 x 38.15
Power consumption (W) <40

protons: 30 + 200
electrons: 3 + 100

Energy window (MeV)

Geometric factor (cm?sr) 410 (protons at 100 MeV)

355 (electrons at 20 MeV)

Eight scientific payloads are installed on board CSES [14-18] as
illustrated in Fig. 2: namely, a High-Precision Magnetometer (HPM)
to measure both the intensity and three components of the magnetic
field in the low frequency range (60 Hz); a Search-Coil Magnetometer
(SCM) for measuring the three components of the magnetic field at
higher frequencies; an Electric Field Detector (EFD), including four
probes installed on as many booms, aimed at the measurement of
the three components of the electric field; a Plasma Analyzer Package
(PAP) and a Langmuir Probe (LP) to observe ion/electron density
and temperature, ion drift velocity and plasma composition; a Global
Navigation Satellite System (GNSS) Occultation Receiver for studying
the ionospheric plasma profile; and two particle detectors, the High-
Energy Particle Package (HEPP) and the High-Energy Particle Detector
(HEPD), for measuring high-energy charged particles and X-ray flux.

2.1. The HEPD instrument

The High-Energy Particle Detector was developed by the Italian
branch of the CSES mission. A computer-aided design (CAD) model of
the HEPD apparatus — with lateral and top panels removed — is shown
in Fig. 3.

The HEPD detector is contained in an aluminum box with size
40.36 x53.00x 38.15 cm?. Total mass is about 45 kg, while power
consumption depends on the status of HEPD, but is always lower than
30 W. Table 1 presents HEPD main characteristics.

From top to bottom, the apparatus is made up of the following
subdetectors:

+ a tracking system, including two double-sided silicon microstrip
planes (1 cm far from each other), with size 213.2 mm Xx
214.8 mm x 0.3 mm excluding mechanics. Each silicon plane
is divided into three identical independent sections, each one
containing two silicon sensors;

a trigger system, consisting of one EJ-200 plastic scintillator layer
segmented into six paddles. Any paddle size is 20 cm X 3 cm X
0.5 cm, and readout is performed by two Photo-Multiplier Tubes
(PMTs);
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+ a range calorimeter composed of two sections. The upper part
is a tower of 16 EJ-200 plastic scintillator planes (15 cm X
15 cm X 1 cm), each one read out by two PMTs. The lower part
is a 3 x 3 matrix of LYSO (Lutetium-Yttrium Oxyorthosilicate)
inorganic scintillator crystals. Each crystal (5 cm X 5 cm x 4 ¢cm)
is read out by a single PMT located on its bottom side;

an anti-coincidence (VETO) system composed of five EJ-200 plas-
tic scintillator planes (0.5-cm thick), each one read out by two
PMTs.

All plastic scintillators and crystals are wrapped in a layer of aluminized
Mylar. Scintillator readout (both EJ-200 plastics and LYSO crystals) is
performed by R9880U-210 Hamamatsu PMTs.

Along one side of the sensitive block, two main sub-systems are
placed to complete the instrument:

+ an electronic sub-system made of four boards for trigger manage-
ment, data acquisition, On-Board Data Handling (OBDH), house-
keeping and low-voltage power distribution [19];

+ a Low-Voltage Power Supply (LVPS) sub-system, developing into
two low-voltage power lines from the satellite power bus and a
High-Voltage Power Supply (HVPS) system providing two high-
voltage lines for Silicon Detector and PMT bias.

In order to avoid permanent failures, each sub-system (electronic
boards and power supplies) is duplicated in a HOT (MAIN) and COLD
(SPARE) side for redundancy. Additional technical details about HEPD
subdetectors and electronics are reported in [20].

Following a standard space model philosophy, four HEPD models
were produced and fully integrated in the clean rooms at Roma Tor
Vergata Division of the National Institute of Nuclear Physics (INFN) in
Rome:

+ The Electrical Model (EM), used to verify the electric and elec-
tronic interfaces between payload and spacecraft;

the Structural Thermal Model (STM), constructed to validate
structural and mechanical design, as well as thermal control
system,;

the Qualification Model (QM), used to qualify all sub-systems
by stress tests, as well as to calibrate the instrument and assess
its compliance with space-environment and magnetic-cleanliness
standards;

the Flight Model (FM) - space qualified, calibrated and tested
to verify its compliance with specifications — which was finally
shipped to the DFH Satellite Company, Ltd., in Beijing (China) in
December 2016.

CSES was launched in February 2018 and is in data-taking mode
since then. Some performance of the HEPD in flight were reported
in [20]. Analysis on galactic protons and electrons are on-going, while
no SEP events were detected by the instrument so far. In Fig. 4 we show
the capability of HEPD in detecting changes in particle populations
following geomagnetic storms while flying along the orbit. Data refer to
the storm occurred in late August 2018. From the picture it is clearly
visible how the external electron belt is considerably populated after
the impact of the storm (right panel) with respect to a few days before
(left panel). The detector is switched off when passing over polar caps
(+ 65 degrees of latitude).

In Fig. 5 we show a single semi-orbit of CSES-01 (upper panel),
with the corresponding proton (squares) and electron (open circles)
time profiles along such semi-orbit (lower panel). The passage over a
peripheral sector of the SAA is visible from the increase in the proton
counting rate. Our acquisition rate over the energy acceptance window
is continuous both in electrons and in protons between + 65 degrees of
latitude.
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Fig. 4. Change in the low energy electron population inside the outer radiation belts as a result of the 2018 August geomagnetic storm (right panel) with respect to a few

days before (left panel) (color online).
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Fig. 5. A single semi-orbit of the CSES-01 satellite (upper panel), together with proton (blue squares) and electron (red open circles) time profiles along such semi-orbit. The
acquisition of both populations is continuous and the passage over the SAA is evident by the rise in proton counting rate.

3. Energy calibration of the HEPD Flight Model

In October 2016, at the INFN-LNF Beam Test Facility (Frascati,
Italy), HEPD was exposed to electron beams of 30, 45, 60, 90 and
120 MeV, while, in November 2016 at the Trento Proton-therapy
Center (Trento, Italy), proton beam tests at 37, 51, 70, 100, 125, 154,
174, 202, and 228 MeV were performed. Finally, several acquisitions
of cosmic muons were done right before the final delivery to China
(December 2016).

All HEPD tests were performed with the support of the Electri-
cal Ground Support Equipment (EGSE) that emulates the satellite by
providing power to HEPD, sending telecommands used for detector
configuration, and receiving telemetry and scientific data. Fig. 6 shows
the interface of the EGSE program used to send telecommands.

3.1. Muon acquisition and PMT signal equalization

Atmospheric muons data were used to equalize the PMT responses
to Minimum Ionizing Particles (MIPs). Indeed, since a MIP is expected
to release the same energy amount in any plane, atmospheric muon
data allow to equalize PMT signals by correction for different PMT
gains, optical-couplings to scintillators and collection efficiencies.

The equalization of the calorimeter PMT responses is the first stage
of released energy reconstruction in any scintillator plane starting
from raw ADC counts. Indeed, the PMTs located in the scintillator
tower may show different responses to the same amount of deposited
energy, because of differences in scintillation efficiencies and gain, or
fluctuations in light collection. Therefore, an equalization procedure
must be applied in the offline analysis phase, by studying the individual
response of each PMT to the same input energy, as in the case of a
passing MIP. To this purpose, cosmic muon data were collected by
using both COLD (October 2016) and HOT (November 2016) sides of
HEPD electronics. After subtracting the pedestal from the raw ADC
signal of each channel, vertical muon events passing through the entire
apparatus were selected.

When vertical events are selected, any two PMTs placed at oppo-
site corners of any plane are expected to approximately collect equal
amounts of photons. For large event numbers, any difference in signal
distributions from the couple PMTs will be only due to different gains.

A Landau function was fitted to any MIP signal distribution, and the
most probable value was used as a coefficient to weight the signal in
any given PMT. The equalization coefficient K[E Q of the ith PMT was
obtained by scaling of the corresponding peak to the arbitrary value of
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Fig. 6. EGSE: Electrical Ground Support Equipment, emulating the satellite, to manage HEPD configuration and acquisition (right). Screenshots of System Control and Configuration

Telecommands are shown (left).
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Fig. 8. Off-line PMT signal correction: example of the correction procedure for one PMT of the trigger paddle T1 (T1 west). Left: signal before correction, over the period from

August 2018 to March 2020. Right: corrected signal.

200 ADC counts, as follows:

KEo _ 200

Eo _ = 1
V337 &

where M PV, is the most probable value obtained from the Landau fit
of the ADC signal distribution. In Fig. 7, the ADC signal distributions
and corresponding Landau fits for the four PMTs of the first two
calorimeter planes are reported. Once any KI.EQ equalization factor was

estimated, the raw ADC signals were equalized on an event-by-event
basis, according to the following formula:

S,'EQ — K,'EQS,‘RAW5 (2)

where SRAW is the raw signal measured for the ith PMT, and SI.EQ is
the same signal after equalization.

Once the PMT signal equalization is performed, beam tests allow to
calibrate the energy response of the whole detector by provision of the
calibration curve for the ADC-energy conversion to be used for energy
reconstruction.

Since launch, continuous monitoring of PMT equalization was per-
formed by a check of the time stability of the MIP peaks.

HEPD is not capable to select a clean MIP sample in orbit because it
is not designed to detect high-energy protons not fully contained inside
the calorimeter. What can be done is to select a sample of passing-
through particles that do not interact inside the detector, do not touch
the lateral veto and with an energy deposit which is as close as possible
to that of a MIP particle.

This MIP-like signal distribution (in ADC channels) for each PMT is
then fitted by a Landau function and the most probable values (MPVs)
and the widths are plotted as a function of time. Fig. 8 (left) shows
for example the MPVs obtained for one PMT from the trigger paddle
T1, during the period from August 2018 to March 2020. A decrease in
the signal, probably due to the aging of the PMT and the scintillator
paddle, can be noticed.

In order to take into account this effect, an off-line correction is
applied for each PMT. The MPVs of the MIP-like distributions are
calculated every 5 days for each PMT i, then the correction factor
KMTPeal at time 1 is calculated as follows:

MPVifirxr—on

MIPcal
K = 1
MPYV,

where M PV /is'=o" are the MPVs obtained with one acquisition of MIP-
like events taken immediately after the first power-on of the detector
in orbit. The corrected signal of each PMT is then given by:

Sicorr - KiMchaI % SiEQ

The correction effect applied to the same PMT of the trigger paddle
T1 can be seen in Fig. 8 (right). Same procedure is repeated for every
PTM of the instrument.

3.2. Electron beam tests at INFN-LNF Beam Test Facility (BTF)

The scope of the measurements performed at the Beam Test Facility
at INFN-LNF in Frascati was to calibrate the HEPD Flight Model,
to test detector functionality, and to assess and characterize HEPD’s
detection performance for electrons at different energies. In addition,
the satellite communication interfaces were tested using the Electrical
Ground Support Equipment.

The BTF! is an experimental area for detector testing and diagnos-
tics, designed for production of electron and positron beams. The facil-
ity is a part of the DAFNE accelerator at the INFN National Laboratories
of Frascati.

The LINAC-based installation produces packets of electrons and
positrons at a frequency of 50 pulses per second and with an intensity
that can be modulated between 107 and 10'© particles per bunch, in
the energy range 300-750 MeV for electrons and 300-550 MeV for
positrons. Typically, the LINAC injects these beams into the accumu-
lation ring of DAFNE, setting the working energy at 510 MeV.

A pulsed magnet deflects the beam into a transfer line, which
carries it to the BTF experimental area, equipped with diagnostic tools;
the beam can be intercepted by a Cu target with variable thickness,
which strongly attenuates beam intensity. The outgoing beam acquires
a broadened energy spectrum down to 30 MeV. The remaining transfer
line is composed of various magnetic dipoles, quadrupoles, correctors
and couples of vertical and horizontal scrapers. These elements act as
energy and multiplicity selectors.

1 http://www.Inf.infn.it/acceleratori/btf/.
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Fig. 9. HEPD setup at BTF: HEPD - the black box with the orange window in correspondence to the active detector — placed on the movable platform in front of the beam is
connected to the EGSE; the Medipix and calorimeter provided by BTF staff for beam monitoring are visible on the front and back side of HEPD, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2.1. BTF setup

BTF line parameters were optimized to obtain beam bunches of low
multiplicity (ideally 1 electron) at different energies: 120 MeV, 90 MeV,
60 MeV, 45 MeV and 30 MeV.

Bunch frequency spanned the range from 49 Hz (when DAFNE was
not operating) down to 18 Hz (for positron primaries and DAFNE on
operation). The bunches contained 0, 1, or > 1 electrons according
to a Poisson distribution. A couple of remotely operated calorimeter
(beam-spectrum and multiplicity monitor) and Si pixel imaging detec-
tor of the Medipix family (beam spot monitor) were used in order to
check electron content distribution of the bunches and beam spot size,
respectively.

A movable platform was used, which could be translated horizon-
tally and vertically with a precision of 0.2 mm. The detector was placed
on the platform with the incident beam located at the very center of
HEPD window by laser pointing (Fig. 9).

HEPD was connected to the EGSE in order to remotely manage
detector configuration and acquisition. The tests were performed at
different incident beam positions, with different trigger masks and
VETO settings, as well as different PMT thresholds. All measurements
were done with the beam perpendicular to HEPD window, except for a
few runs where the inclination between the beam and the instrument
was + 7°, to test the efficiency of the lateral VETO. Acquisitions of
electrons were interspersed in beam-off calibration runs to evaluate and
monitor electronic noise (pedestal mean and RMS).

3.3. Proton beam tests at Trento Proton-Therapy Center

The aim of these measurements was to assess and characterize
HEPD’s performance in proton detection.

The Trento Proton-Therapy Center is a unique, cutting-edge therapy
facility in Italy for treatment of patients affected by solid cancers,
in two rooms equipped with rotating gantries. A third room, which
accommodates a horizontal beamline, is totally dedicated to research
in collaboration with the Trento Institute for Fundamental Physics
and Applications (TIFPA?). Protons are delivered to the facility by a
superconducting cyclotron operating at an energy spanning the interval
from 70 to 228 MeV, with a rate of up to 10° particles per second.

2 http://www.tifpa.infn.it/sc-init/med-tech/p-beam-research/.

3.3.1. Beamline setup

Proton beams with different energies were used at rates below
1 kHz. The low rate condition was achieved by putting the proton
source in dark current mode inside the cyclotron. The high voltage of
the source was set below the threshold commonly used for standard
operations, resulting in low-energy proton fluxes; yet, at these low
rates, devices along the beam line are not efficient, resulting in larger
energy, pointing and rate fluctuations of the beam.

HEPD was placed in front of the beam on a movable platform whose
horizontal placement was remotely controlled, while vertical transla-
tion was performed manually (Fig. 10). The incidence point of the beam
was set at the very center of HEPD window by laser pointing. Also beam
orthogonality was checked using a laser. An auxiliary scintillator, read
out by a Micro Channel Plate, was placed along one side of HEPD at
beam height in order to check beam rate and energy.

As for electron beam tests, HEPD was connected to the EGSE in or-
der to remotely change detector configuration and manage acquisition.

HEPD was tested by means of proton beams of different energies
(37, 51, 70, 100, 125, 154, 174, 202, and 228 MeV), at different inci-
dent beam positions, in different operating modes. Once again, proton
acquisitions were periodically interspersed in beam-off calibration runs
in order to evaluate and monitor electronic noise.

4. Monte Carlo simulations

A Geant4-based Monte Carlo (MC) program [21] was developed to
simulate physics processes and detector response. The Geant4 model is
almost identical to HEPD model from CAD, including all sensitive sub-
detectors and most mechanical support structures. HEPD simulation
model in wire frame visualization is shown in the left panel of Fig. 11.

The Geant4 simulation employed G4 Standard EM Physics
option4  for the  electromagnetic  interactions, = whereas
G4lonElasticPhysics, G4lonQMDPhysics, G4HadronElasticPhysics e
G4HadronPhysicsShielding were used for the hadronic interactions.

The MC code was extensively used to simulate the experimental
setups arranged during electron and proton beam tests. Both detector
and incident beam configurations (i.e., beam energy, spot size, inci-
dence position on HEPD window, etc.) were accurately reproduced, in
order to fine-tune simulated data with beam test data. As an example,
in Fig. 12 the simulation of the passage of proton beams through the
HEPD apparatus is shown, along the lines of Trento Proton-Therapy
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Fig. 10. HEPD setup at the Trento Proton-Therapy Center: HEPD was placed on a movable platform with the incident beam located at the center of HEPD window by laser

pointing.

Fig. 11. Monte Carlo simulations of the HEPD apparatus: the HEPD simulation model in Geant4 wire frame visualization (left) contains a detailed representation of detector
geometry, including all sensitive sub-detectors and most mechanical support structures. The Monte Carlo simulation of light propagation in any HEPD calorimeter plane from a
50-MeV electron event is shown in the right image. The two red circles represent PMTs where the number of photo-electrons is estimated. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

Secondary §-rays

Primary proton beam

Secondary hadron

Fig. 12. Monte Carlo simulation of a 200-MeV proton beam through HEPD at the Trento Proton-Therapy Center: the red tracks are delta rays produced along the paths of
the beams in air (186 cm long), while the black line is a secondary hadron produced in the interaction. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

beam tests. The red tracks represent delta rays produced along the paths
of proton beams in air (186 cm long).

Light propagation inside each calorimeter plane was implemented
in the simulation as well, in order to obtain the number of photo-
electrons collected by each PMT (right panel of Fig. 11) for any given
primary energy. This information was then used to “digitize” the Monte
Carlo output for all PMTs in the calorimeter, that is, converting PMT
responses from photo-electron numbers into ADC counts. The same
procedure was followed for the digitization of the LYSO calorimeter.

To this purpose, for each beam energy, a Gaussian function was
fitted to the ADC signal distribution from each PMT (after pedestal
subtraction and equalization), and the same was done for any photo-
electron distribution obtained from Monte Carlo. Mean values from
Gaussian fits were then used to produce calibration curves (one for each
PMT) for conversion of photo-electrons into ADC counts.

Fig. 13 shows the two above-mentioned distributions obtained using
a 100-MeV proton run for the south-east PMT of the third calorimeter
plane (P3se). The corresponding calibration curve is reported in Fig. 14.
Black asterisks correspond to a set including a cosmic-muon run, a
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Fig. 13. Distributions from a 100 MeV proton run for the south east PMT of the third calorimeter plane (P3se): the ADC signal distribution for P3se from the beam test
data (left) and the photo-electron distribution in P3se from the Monte Carlo simulation (right).
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Fig. 14. Conversion curve from photo-electrons into ADC counts for the P3se
PMT: the black asterix points correspond to a cosmic muon run, a 30 MeV electron
run and seven proton runs (70, 100, 125, 154, 174, 202 and 228 MeV).

30 MeV electron run and seven proton runs (70, 100, 125, 154, 174,
202, and 228 MeV).

Fig. 15 — showing ADC signal distributions obtained from a 51-
MeV proton run and compared to simulation — is a proof of successful
digitization, being the agreement very good.

5. Results
5.1. Silicon tracker energy calibration

In order to accomplish tracker energy calibration, several data
- namely, proton runs taken at Trento Proton-Therapy Center and
atmospheric-muon runs — were exploited over a wide fy range.

5.1.1. Calibration of the strip signal

Particle energy loss (%) is reconstructed starting from the ADC
signal collected by the silicon micro-strips contained in the tracker
ladders. To the purpose of signal reconstruction, it is crucial to iden-
tify a stable calibration procedure in order to produce and subtract
pedestals from raw data, and to define spread in each channel (4608
channels overall). To perform such a calibration, runs in which no
signal is present are required. They are used to compute the following
two quantities:

1. channel pedestal

N,

1 events

~ ADC;;

events  j=(

pi =

2. channel sigma

NEUB"I.\‘
1
o=4|% Y (ADC,; - p))?

events j=0

where i is the channel index, from 0 to N,,,,, — 1, and j the event
index. o; is called the raw noise, and represents the individual channel
fluctuation; therefore, it is computed for each channel. The calculation
of raw noise is also used to mask dead (too low ¢;) and noisy channels
(too large o).

An additional fluctuation exists (common mode noise), which must
be subtracted from the readout signal ADC;;. This noise, which is
common to all 64 readout channels of the same VA chip, is related to
the preamplifier chip and can be calculated as follows:

1 V' Achann
CN, = —

= > (ADC; - p).

J i=0

The result of this additional signal conditioning is a calibrated signal
with corresponding p; and o7 °d parameters for each channel, where o**

i
is calculated as:

N,

events
ol = ! (ADC;;

! N,

events  j=(

- p —CN?

5.1.2. n-correction for the floating strips

Once data are pedestal — and common-noise subtracted, and af’ ed ig
known for every i, it is possible to identify hit strips with appropriate
signal-above-noise thresholds. At first, “cluster multiplicity” - ie., the
number of adjacent silicon strips with a signal-above-noise threshold
that mark particle passage — was studied at different beam energies.
Fig. 16 shows that cluster multiplicity is always 1 or 2 for all beam
energies. At low energy, there is a probability of ~ 50% to have clusters
composed by 1 or 2 strips. Conversely, at high energy most clusters
seem to be composed by only 1 strip.

This behavior can be explained considering the silicon detector
structure discussed in the Appendix of [20]: not all the strips are di-
rectly connected to the read-out electronics, but rather an alternation of
read-out and floating strips exists. At low energy, the charge deposited
in the detector by any particle is high, and the signal on the strips
adjacent to the “seed” (i.e., the strip marked by the highest deposit,
which can be therefore considered as the closest to particle trajectory)
is above threshold even when the particle crosses a floating strip. Since
read-out and floating strips are present in the same number, a 50%
probability of a multiplicity equal to 1 is expected when the particle
trajectory is close to a read-out strip that collects all its charge. On
the other hand, a 50% probability of a multiplicity equal to 2 is also
expected when the particle trajectory is close to a floating strip, and
its charge is collected by the two adjacent read-out strips by means
of capacitive coupling effects. Ideally, the charge collected on the
neighboring read-out strips via inter-strip capacitance C; is Q/2, where
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Fig. 15. ADC signal distributions from proton beam test data (TB blue continuous curve) and digitized Monte Carlo simulation (MC red dashed curve): the two distributions

for the P1nw (left) and P2nw (right) PMTs correspond to a 51-MeV proton run.
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Fig. 16. Histogram of cluster-multiplicity variation for the P side of the central ladder at different proton beam energies: the number of strips interested in the cluster is

found along the X direction.

Q is the charge released on the floating strip. However, in a more
realistic situation, the probability of charge loss increases if the particle
hits the floating strip, and it must be considered and corrected for.

Thus, back to Fig. 16, at high beam energy the charge deposited in
the silicon sensor decreases. When the charge loss effect for the floating
strips is taken into account, the signal measured on the neighboring
strips of a floating strip can be below threshold.

For all the above reasons, when a cluster seed is found, the read-out
values of the seed and of its adjacent strips are always collected and
stored.

In Fig. 17, a plot of raw ADC counts as a function of read-out
channel is reported for a 70-MeV proton beam energy. The strips
identified by a channel index from 4080 to 4224 are hit by the beam.

10

The presence of two well separated signal distributions confirms charge
loss for all the events for which a floating strip is hit. A profile along the
Y axis (histogram in the inset) shows two clear peaks related to particles
hitting either a floating (signal peaked at ~ 60 ADC) or a read-out strip
(signal peaked at ~ 180 ADC).

This effect must be corrected, since released charge must be in-
dependent from the hit strip. In order to correct the difference in
deposited signal, it is useful to introduce the variable 5, defined for
the two most significant strips (either seed or contiguous) as:

S right

Sright + Slcft

where S is the signal released on the strips, while right/left label
marks the highest/lowest channel between seed and most significant
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Fig. 17. Raw ADC counts as a function of read-out channel for a silicon ladder
of the internal tracker plane, during a 70-MeV proton run: beam spread was such
that a region of ~ 3 cm was hit, from approximately channel 4080 to 4224. The two
distributions appearing in the plot are related to particles hitting either the read-out
strips (peak at 60 ADC) or the floating strips (peak at 180 ADC). A projection along
the Y axis (inset), for channels 4178-4182 included in the vertical black line, clearly
tells the two signals apart from each other (color online).

neighbor. Indeed, when cluster multiplicity is 1, there is a signal only in
the seed, and its two neighboring strips have .S-values close to zero. In
this case, the adjacent strip with the highest S-value is used to calculate
n, which will turn out 0 or 1 depending on the position of the chosen
adjacent strip with respect to the seed.

When the particle hits a read-out strip, no charge loss can be
assumed, such that the ADC read-out value can be considered correct.
Fig. 18(a) shows a 2-dimensional histogram of ADC count values as a
function of 5 for all the events in a 100-MeV proton run. Most events
are concentrated at 7 = 0, # = 0.5 and 5 = 1. The profile along the Y
axis (Fig. 18(b)), i.e., the mean count value in each # bin, can be fitted
by a parabolic function P(5) that can be normalized such that:

Pin=1)=Pn=0)=1. 3

According to the above definition, the 5-corrected deposited signal
can be obtained by:

ADC,

raw

P

The n-correction effect, applied to data from the 37-MeV proton
run, is illustrated in Fig. 19. The left panel (a) contains the raw signal
distribution measured by one silicon ladder. The presence of two peaks
mirrors the occurrence of cluster multiplicity 1 or 2. The right panel
(b) shows the same plot after -correction of the raw cluster signal on
a event-by-event basis, resulting in the merging of the peak at ~ 180
ADC counts with the one at higher energy.

ADC,,, =

corr

4

5.1.3. Silicon tracker dE/dx energy calibration

Since we are dealing with particles that release just a small fraction
of their energy in the tracker layers, the distribution of the energy loss
is expected to be a Landau, defined as:

1 0
- / e~ U= G (ru)du
7 Jo

where 4 is the Landau’s universal variable.
To perform energy calibration, the cluster distribution recorded
by the tracker for particles at each given energy was computed first.

d(4) =
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Each of these distributions, obtained after 5-correction, was fitted by a
Landau/Gaussian convolution

¢(4) * Gauss(u = 0,0 = o),

with o, the intrinsic charge resolution of the clusters, to take into
account resolution effects on charge collection, and the resulting mean
was then used for calibration (Fig. 20).

Iterating this procedure at all available energies, the (ADC,,,,)
behavior as a function of particle gy is obtained. (ADC,,,,) distribution
(which represents %) must be fitted by a Bethe-Bloch function, which
describes charged particles’ mean energy loss per distance traveled:

) n (2'" i

) 4dznz? ( o2

e 1.

dE
(T =

where p, is a scale parameter used to adapt the function to count
distribution and convert ADC counts into MeV energy loss. Fig. 21
shows a very good agreement between experimental points from proton
beam data and theoretical expectation for energy loss in a ladder of
the tracker. The values are different for each ladder and each side. The
conversion factor used to estimate energy loss in the silicon tracker is
calculated in the following way:
Kupc—mev = X0y ,
Po

where 300 pm is the thickness of each silicon ladder.

Taking as an example ladder 2, side P, as well as fit results shown
in Fig. 21, the resulting conversion factor is:

_ 0.03cm
P~ 10.61 £0.1117 (ADC X cm)/ MeV
=(283+03)x 10 MeV /ADC

K,

5.2. Calorimeter energy calibration

The energy calibration of the calorimeter was performed taking
advantage of proton beams at Trento Proton-Therapy Center, electron
beams at the Frascati BTF, and atmospheric muons. We hereby define
“Upper calorimeter” the tower of plastic scintillators, that is, the upper
part of the HEPD range calorimeter. The lower part is the LYSO
calorimeter.

5.2.1. Upper calorimeter

Light collected by the couple PMTs placed at corners of any scin-
tillator plane is in principle dependent on the position of the incident
beam. Nevertheless, beam data analysis and MC simulations show that
collected light is quite position-independent in a very large central
region of the planes, far from corners and borders. Consequently, as
to Upper Calorimeter, data acquired in central positions were used for
energy calibration purposes.

After pedestal subtraction and equalizion of PMT signals, an offline
event selection was applied. Such a selection eliminates multi-particle
or scattered events, calling for lateral containment of particles in or-
der to avoid energy leakage, and requiring a minimum number of
“hit planes” to reject events with anomalously low energy loss (large
scattering for electrons, nuclear interaction for protons, etc.).

For each hit plane, the signal from the plane is calculated as the sum
of the two corresponding PMTs signals, with total signal released in the
Upper Calorimeter being the sum of signals released in all individual
hit planes.

For each energy beam, the ADC distribution of total signal is then
fitted by a Gaussian function providing a mean ADC value and a sigma,
while MC simulations are used to evaluate the corresponding expected
energy deposition.

In Fig. 22, ADC total signal distributions for proton beams of energy
37 and 51 MeV (Fig. 22(a)), atmospheric muons (Fig. 22(b)), and a 30-
MeV electron beam (Fig. 22(c)), respectively, are shown; in the electron
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Fig. 20. Two examples of the corrected ADC counts distributions for ladder 2, side P, for 100-MeV and 174-MeV proton runs, respectively: the solid line corresponds to
the fit obtained using the convolution between a Landau and a Gaussian distribution.

case, three peaks appear, corresponding to beam bunches with 1, 2, or The energy response function of the Upper Calorimeter, ie, the
3 electron multiplicity, respectively (see Section 3.2.1). ADC/MeV conversion factor, is finally obtained by linear fit of the

12
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Fig. 21. Mean of ADC counts as a function of proton gy for particles hitting ladder
2, side P: the red line represents a fit performed using Bethe-Bloch function.

ADC signal peak-position vs. the expected energy deposition (in MeV)
obtained by MC simulation. The resulting calibration curve, used for
reconstruction of energy deposited in the Upper Calorimeter, is shown
in Fig. 23; red/blue points refer to data acquired by the HOT/COLD
side of HEPD electronics, respectively.

5.2.2. LYSO Calorimeter

Given the 3 x 3 LYSO matrix geometry, different beam incident
positions correspond to hits on different LYSO crystals; after pedestal
subtraction and equalization of PMTs, LYSO response turned out the
same for all crystals.

In order to calibrate the LYSO calorimeter, large beam energies were
used, corresponding to particles able to reach this forward detector
(E > 174 MeV for protons, E > 45 MeV for electrons), interspersing
normal acquisitions in calibration runs for electronic noise evaluation.
As for the Upper Calorimeter, once the PMT signals are pedestal sub-
tracted and equalized, an offline event selection is applied on the basis
of signal-to-noise ratio in each PMT.

We applied the same offline event selection used for the Upper
Calorimeter, with minimum number of hit planes equal to 16, since
any particle must cross the entire Upper Calorimeter to reach the LYSO
plane.

After event selection, the LYSO plane signal is calculated as the sum
of signals from all individual LYSO crystals with corresponding PMTs
over threshold (one PMT per crystal). The resulting ADC distribution of
total signal is then fitted by a Gaussian function providing a mean ADC
value and sigma, to be compared to the expected energy deposition in
the LYSO plane obtained by MC simulations.

As for the Upper Calorimeter, the LYSO energy response function
is finally obtained by linear fit of the ADC signal peak-position vs. the
expected energy deposition (in MeV) obtained by MC simulation. The
obtained calibration curve is shown in Fig. 24; red/blue points refer to
data acquired by the HOT/COLD side of HEPD electronics, respectively.

5.3. Particle separation

Protons and electrons inside the detector can be easily discriminated
via deposited energy and longitudinal profile.

The Bethe formula describes the mean energy loss per distance
traveled by heavy charged particles (like protons) traversing matter,
that is, the stopping power of the material. For lighter particles, like
electrons, the energy loss is slightly different due to their small masses,
indistinguishability, and much larger energy losses by Bremsstrahlung
effects.

This can be appreciated in Fig. 25; bottom panels show where either
protons (left) or electrons (right) lie in a plot of signal deposited in
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Fig. 22. Upper Calorimeter total signal distributions (HOT SIDE): (a) 37/51 MeV
proton beams (blue/cyan); (b) atmospheric muons; (c) 30-MeV electron beam. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

the first plane of the scintillator tower vs. estimated particle energy;
while the upper panel accommodates both distributions, highlighting
how electrons (in red) populate the region with lower deposited energy
with respect to protons (in blue).

Protons and electrons are also marked by different longitudinal
profiles inside the calorimeter; the former present a typical rising shape
followed by an abrupt decay of the signal (Bragg peak), while the latter
show a more uniform profile with no sharp release in energy. This
can be assessed in Figures 26 and 27, respectively, where two events
from experimental data (a 125-MeV proton and a 30-MeV electron) are
shown by a HEPD event-viewer.

Beam test data were used to optimize particle separation algorithms,
which are currently in use for flight data.
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vs expected energy deposition (in MeV) obtained by MC simulation, providing the
of HEPD electronics. For 174, 202 and 228 MeV energies, protons are not contained
that is, are found ad lower expected energies. (For interpretation of the references to
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Fig. 24. Calibration curve for the HEPD LYSO plane: ADC signal peak-position vs. expected energy deposition (in MeV) obtained by MC simulation, providing the ADC/MeV

conversion factor. Red/blue points refer to data acquired by the HOT/COLD side of HEPD
legend, the reader is referred to the web version of this article.)
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Fig. 26. Longitudinal profile of a ~ 125 MeV proton inside the scintillator tower: a Bragg peak can be clearly spotted on plane 10 (color online).
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Fig. 27. Longitudinal profile of a ~ 30 MeV electron inside the scintillator tower: the signal released is almost constant along the distance traveled by the particle up to

plane 14 (color online).

6. Conclusions

In this article, we have reviewed the steps needed to get a precise
energy calibration of the HEPD Flight Model before launch. The sil-
icon detector, the upper segmented scintillation calorimeter and the
bottom crystal calorimeter were calibrated using beams of electrons
and protons at different energies, respectively collected at the BTF
(INFN National Laboratories of Frascati) and the Trento Proton-Therapy
Center. Atmospheric muons — detected in clean rooms at Roma Tor
Vergata Division of the National Institute of Nuclear Physics (INFN)
— were exploited for additional calibration, in order to evaluate the
detector response to relativistic MIP particles.

The CSES satellite was launched on February 2, 2018. On Febru-
ary 6, the HEPD instrument was switched on for the first time. The
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apparatus underwent the commissioning phase (February-July 2018),
during which several on-board configurations were implemented for
testing purposes; such procedures are crucial to guarantee optimal op-
erational conditions throughout the foreseen 5-year mission duration.
Since August 2018, HEPD science run has started.
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