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Abstract: According to the characteristics of the LEO space particles radiation environment of China’s
Fengyun No. 3 (FY-3) polar-orbiting meteorological satellites, in order to monitor the characteristics,
and space–time distribution of charged particle radiation in the orbit space, it is proposed to install
a three-directional high-energy particle detector (HEPD) in the three vertical orthogonal directions
of FY-3E, so as to carry out the energy spectrum and flux observation of high-energy protons and
electrons in the three directions of the satellite, namely, −X, +Y, and −Z. The on-orbit detection
data acquired by these payloads can be used for space environment modeling and solar-terrestrial
physics research, and provide data sources for operational space environment weather warning and
forecasting. Through the ground accelerator calibration experiment and simulation analysis of the
three-directional HEPDs developed in the flight model phase, the experimental results show that
all the HEPDs’ measured values meet the requirements for technical indexes, such as the detection
energy range (high-energy protons: 3–300 MeV; high-energy electrons: 0.15–5.7 MeV), energy span
accuracy (<15%), flux accuracy (<15%), and sensitivity (<5% (∆N/N)).

Keywords: FY-3; space environment; high-energy proton; high-energy electron; energy spectrum; flux

1. Introduction

The Fengyun No.3 (FY-3) meteorological satellite is the second generation of China’s
polar-orbiting meteorological satellite series that realizes global, all-weather, multispec-
tral, three-dimensional, and quantitative remote sensing, including three batches in total.
Among them, the third batch aims at the advanced level of international development of
meteorological satellites, realizes the operation of the multi-satellite networking of China’s
second-generation polar-orbiting meteorological satellites, and drive its application into a
mature development stage [1–5].

The HEPD is one of the remote sensing instruments on the FY-3E satellite, which
is the first satellite in 03 batches, and was launched in July 2021, consisting of six space
environment detection payloads: high-energy particle detector, intermediate-energy proton
detector, intermediate-energy electron detector, radiation dosimeter, magnetic field detector,
and potential detector. Monitoring and warnings of the space environment are some of the
important measures to ensure the life of astronauts and the safety of spacecraft on-orbit
operations [6–9]. They also hold great significance for the normal operation of systems, such
as wireless communication, navigation and positioning [10–13], aircraft, and ground power
grids in the mid–high latitudes. Space environment detection also provides important
scientific data for climate and meteorological research [14,15], solar-terrestrial physics
research [16], and experiments.
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For the characteristics of the space particle environment in the orbit of the FY-3 satellite,
this study reports the design and development of a three-directional high-energy particle
detector on the FY-3E satellite, and conducts the energy spectrum and flux observations of
space high-energy protons and electrons in multiple directions [17] in this orbit for the first
time. Generally, for charged particle detectors on satellites, most of them are detected in
one direction, or rarely two kinds of charged particles are measured simultaneously on the
same load [18,19].

2. Main Technical Indexes

The FY-3 satellite operates in a sun-synchronous orbit of 830 km, which is located
at the edge of the inner radiation belt. When the space environment is in a quiet period,
the particles in this orbit are distributed in the negative magnetic anomaly region of
the South Atlantic Ocean. When the space environment is disturbed, there will also be
particle distribution in the high latitudes, and the particles including mainly protons and
electrons [20–24].

The main detection objects of the HEPD are the high-energy particles in the radiation
belt. The detection content is the energy spectrum and flux of high-energy protons and
electrons in three orthogonal directions of the satellite, direction of satellite retreating −X,
direction towards the sky +Y, and direction of perpendicular to the orbital plane −Z. By
detecting the energy spectrum and flux of charged particles, their time-varying spatial
distribution can be obtained, providing information on the motion-low of high-energy
particles. This can provide detection data for the space environment security monitoring
and system of China, and also provide analysis data for satellite flight control management
and abnormal situation analysis.

The main technical indexes of the HEPD on the FY-3E satellite are shown in Table 1.

Table 1. Main technical indexes of the HEPD on the FY-3E satellite.

Item Energy Range Detection Field Sensitivity

High-energy protons 3~300 MeV 40◦ 5% (∆N/N)
High-energy electrons 0.15–5.7 MeV 30◦ 5% (∆N/N)

In this table, the energy range represents the energy of incident particles that can be
measured by the instrument. The detection field represents the field of view of incident
particles that the instrument can accept. In addition, sensitivity refers to the minimum
space environment change that can cause a one-count change in it.

3. System Composition

The HEPD includes four single units. There are three high-energy probes and a shared
electronics box. Each probe includes a high-energy proton probe and a high-energy electron
probe. The system scheme composition is shown in Figure 1.

The three probes of the HEPD are installed on three mutually perpendicular planes
of the satellite to realize the measurement of high-energy protons and electrons in three
orthogonal directions. The three probes are connected to the electronics box through the
cross-cabin cables inside the satellite, and the data processing unit processes the signals of
the six probes. Figure 2 below shows the photos of HEPD.
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A collimating structure, added outside the HEPD, limits the detection field of view 
of the instrument. Furthermore, the shielding effect of the collimating structure is applied 
to reduce the interference ratio of obliquely incident particles (high-energy protons and 
electrons). Combined with the field of view limited by the collimator and the actual size 
and shielding conditions of the instrument, the final geometric factor of the instrument 
can be obtained by adopting the method of Monte Carlo simulation, which is used as the 
basis for later data processing. The geometric factor is an important characteristic param-
eter of the detector. It is necessary for data normalization and data comparison. 

The semiconductor detector measurement system is the key part of the entire instru-
ment, and it measures the energy spectrum of high-energy particles in the form of a tele-
scope formed by stacking multiple pieces of a silicon semiconductor. The energy spectrum 
of space particles is determined by analyzing the signal amplitude of each sensor in the 
measurement system and combining with a reasonable logical working mode. 

The electronics system collects the signals of the sensors, executes the logical working 
mode in the physical design, divides and counts the electronic energy spectrum, and, fi-
nally, packs the data and communicates with the satellite. 

4. Instrument Design 
4.1. Fundamental Principle 

The basic detection principle of the HEPD is as follows. Both high-energy proton and 
electron probe systems use silicon semiconductor detectors. When high-energy particles 
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Figure 2. Photos of the high-energy particle detector ((Left panel): −X probe; (central panel): +Y/Z
probe; (right panel): electronic box).

A collimating structure, added outside the HEPD, limits the detection field of view of
the instrument. Furthermore, the shielding effect of the collimating structure is applied
to reduce the interference ratio of obliquely incident particles (high-energy protons and
electrons). Combined with the field of view limited by the collimator and the actual size
and shielding conditions of the instrument, the final geometric factor of the instrument can
be obtained by adopting the method of Monte Carlo simulation, which is used as the basis
for later data processing. The geometric factor is an important characteristic parameter of
the detector. It is necessary for data normalization and data comparison.

The semiconductor detector measurement system is the key part of the entire in-
strument, and it measures the energy spectrum of high-energy particles in the form of
a telescope formed by stacking multiple pieces of a silicon semiconductor. The energy
spectrum of space particles is determined by analyzing the signal amplitude of each sensor
in the measurement system and combining with a reasonable logical working mode.

The electronics system collects the signals of the sensors, executes the logical working
mode in the physical design, divides and counts the electronic energy spectrum, and, finally,
packs the data and communicates with the satellite.

4. Instrument Design
4.1. Fundamental Principle

The basic detection principle of the HEPD is as follows. Both high-energy proton and
electron probe systems use silicon semiconductor detectors. When high-energy particles are
injected into the sensor through the collimator, they deposit energy in each semiconductor
detector and generate corresponding electron–hole pairs in an ionization mode. Under the
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action of a high-voltage electric field, these electron–hole pairs are assembled to the output
terminal and generate charge pulses. The charge pulse height is proportional to the energy
deposited by the particles in the semiconductor detector. According to the pulse height of
the semiconductor detector, the signals are subjected to discrimination threshold analysis
(which means analyzing the charge pulse height through electronics) and coincidence or
anti-coincidence processing (which means logical working modes of high-energy electron
or proton), thereby obtaining the information of the particle spectrum [25–28]. Figure 3
shows the schematic diagram of telescope system in the HEPD.
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Figure 3. Schematic diagram of telescope system in the high-energy particle detector.

Ion-implanted silicon semiconductor sensors of different numbers and thicknesses
are used in high-energy proton and electron detection sensor systems. The function is to
measure the energy loss of particles in the sensor and convert the energy into electrical
signals for subsequent analysis of electronic circuits. The energy spectrum and flux of
high-energy protons and electrons can be measured through the signals of the sensor and by
combining with the amplitude analysis method and the appropriate logical working mode.

4.2. Detailed Designs

It can be seen from the system scheme that the high-energy particle detector consists of
three identical high-energy particle probes and a shared electronics box. The electronics box
mainly completes the functions of collecting the output signals of each probe, FPGA data
processing, compression, packaging, and communication with the satellite bus interface.
Each probe consists of a collimator system, a sensor system, and a front-end electronics
system. Figure 4 below is the schematic diagram of the high-energy particle probe structure.
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4.2.1. Design of Collimator System

There are two functions of the collimator system. One is to form a suitable detection
field of view through the collimation system and to determine the geometric factor of the
probe. The other is to provide certain shielding conditions to prevent the interference
of particles obliquely incident from the side of the sensor. The collimator system mainly
includes three parts: the external structure, the backscatter structure, and the light-blocking
layer. The external structure and backscatter structure are used to restrict the geometric
factor of the instrument. The collimator system in the high-energy proton probe contains
deflection magnets to deflect electrons incident into the collimator.



Aerospace 2023, 10, 173 5 of 17

• High-energy electron collimation design

The external structure of the collimator is the outermost support and shielding struc-
ture of the probe. It was designed as a cup shaped conical structure. To reduce the effect of
obliquely incident particles from the side on the measurement results, copper shielding
was added outside the probe. The opening diameter of the upper and lower ends of the
high-energy electron probe was 24 mm and 5 mm, respectively, and the length was 32 mm,
forming a 30◦ measurement field of view.

In order to reduce the elastic scattering effect of electrons in the material, a backscatter
device was added inside the high-energy electron probe with the purpose to prevent the
interference of electron scattering in the measurement [29]. Figure 5 below is the schematic
diagram of the collimator structure.
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It is known that the scattering of electrons in cutoff is more serious, especially for
intermediate-energy electrons of tens to hundreds of keV. Figure 6 shows the scattering
comparison between protons and electrons.
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Figure 6. Scattering comparison between protons and electrons (Blue: protons; Red: electrons; Green:
Protons path).

From the above figure, the scattering of electrons in cutoff can be observed. When the
electrons are incident into the collimator, they may not be absorbed but enter the detector
through complex elastic scattering, contributing to measurement errors. Thus, in order
to reduce the scattering of electrons inside the collimator, a sawtooth-shaped structure
was set inside the collimator. The purpose of this structure is to increase the number of
electrons scattering in the collimator, so that the electrons incident in the non-field of view
are absorbed by the scattering structure, reducing the interference caused by scattering.
Figure 7 shows the collimator with smooth inner walls and using collimation structure.
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In addition, the light-blocking layer design was adopted in both the high-energy
electron probe and the high-energy proton probe. The purpose of the light-blocking layer
was to block sunlight (because the silicon sensor is sensitive to visible light) and microme-
teoroids. Its design meets the thermal and mechanical requirements [29], and its thickness
has been selected to avoid an increase of the lower measurement limit of the instrument
(because the light-blocking layer would reduce the energy of the incident particles).

The materials of the light-blocking layer are mainly elemental films and organic
composite materials. For a light-blocking layer above 10 µm, an elemental material can
be selected. For a layer with only about a few microns, a composite material is generally
selected. The material of the light-blocking layer in the collimator of the high-energy
electron probe used a 15 µm aluminum film. The 15 µm aluminum light-blocking layer can
block protons below 1 MeV and electrons below 30 keV [29]. The electronic measurement
index starts from 200 keV. The energy loss of 200 keV electrons in the light-blocking layer is
about 20 keV. Hence, the residual energy is 180 keV, which meets the requirements of the
measurable range of electronics.

• High-energy proton collimation design

When the collimation system in the high-energy proton probe was designed, its
external structure was similar to that of the high-energy electron probe. The opening
diameter of the upper and lower ends was 31 mm and 10 mm, respectively, and the length
was 32 mm, forming a 40◦ measurement field of view. In contrast with the high-energy
electron probe, which used a sawtooth-shaped structure to prevent interference, the high-
energy proton probe used a permanent magnet in the collimator to deflect the electrons
in order to eliminate the interference and irradiation effects of high-energy electrons on
proton detection. For high-energy protons and electrons with the same energy, their energy
losses in the silicon semiconductor sensor were the same, and they cannot be identified
on the circuit. Therefore, a deflection magnet was used inside the instrument to deflect
the high-energy electrons so that they cannot be incident on the silicon sensor, thereby
achieving the purpose of excluding interference. Figure 8 shows the external structure of
the proton probe.

Aerospace 2023, 10, x FOR PEER REVIEW 6 of 17 
 

 

been selected to avoid an increase of the lower measurement limit of the instrument (be-
cause the light-blocking layer would reduce the energy of the incident particles). 

The materials of the light-blocking layer are mainly elemental films and organic com-
posite materials. For a light-blocking layer above 10 μm, an elemental material can be 
selected. For a layer with only about a few microns, a composite material is generally se-
lected. The material of the light-blocking layer in the collimator of the high-energy elec-
tron probe used a 15 μm aluminum film. The 15 μm aluminum light-blocking layer can 
block protons below 1 MeV and electrons below 30 keV [29]. The electronic measurement 
index starts from 200 keV. The energy loss of 200 keV electrons in the light-blocking layer 
is about 20 keV. Hence, the residual energy is 180 keV, which meets the requirements of 
the measurable range of electronics. 
• High-energy proton collimation design 

When the collimation system in the high-energy proton probe was designed, its ex-
ternal structure was similar to that of the high-energy electron probe. The opening diam-
eter of the upper and lower ends was 31 mm and 10 mm, respectively, and the length was 
32 mm, forming a 40° measurement field of view. In contrast with the high-energy elec-
tron probe, which used a sawtooth-shaped structure to prevent interference, the high-en-
ergy proton probe used a permanent magnet in the collimator to deflect the electrons in 
order to eliminate the interference and irradiation effects of high-energy electrons on pro-
ton detection. For high-energy protons and electrons with the same energy, their energy 
losses in the silicon semiconductor sensor were the same, and they cannot be identified 
on the circuit. Therefore, a deflection magnet was used inside the instrument to deflect 
the high-energy electrons so that they cannot be incident on the silicon sensor, thereby 
achieving the purpose of excluding interference. Figure 8 shows the external structure of 
the proton probe. 

 
Figure 8. External structure of the proton probe. 

The basic shape of the deflection magnet in this scheme was the structure of a per-
manent annular magnet. The central magnetic field strength can reach 4200 Gs, which can 
effectively remove the influence of electrons < 1 MeV. Additionally, in order to shield the 
magnetic field of the permanent magnet and reduce the magnetic distance of the instru-
ment, pure iron with high magnetic permeability was used for the shielding around the 
magnet [30,31]. 

According to the description of the light-blocking layer in the previous section, a 
15μm aluminum film was also used in the collimator of the high-energy proton probe. 
The 15μm aluminum light-blocking layer can block protons below 1 MeV. The proton 
measurement index starts from 3 MeV. Thus, it fully meets the requirements for the meas-
urable range of electronics. 

4.2.2. Design of Sensor System 
Semiconductor sensors can receive charged particles incident into the probe. In terms 

of the linear response range, energy resolution, and spatial applicability, ion-implanted 
silicon semiconductor sensors are currently the optimal performing semiconductor sen-
sors. 

The sensor systems in the high-energy proton and high-energy electron probes of this 
scheme both adopted the semiconductor detector telescope method [25,26]. The high-

Figure 8. External structure of the proton probe.

The basic shape of the deflection magnet in this scheme was the structure of a perma-
nent annular magnet. The central magnetic field strength can reach 4200 Gs, which can
effectively remove the influence of electrons < 1 MeV. Additionally, in order to shield the
magnetic field of the permanent magnet and reduce the magnetic distance of the instru-
ment, pure iron with high magnetic permeability was used for the shielding around the
magnet [30,31].

According to the description of the light-blocking layer in the previous section, a 15 µm
aluminum film was also used in the collimator of the high-energy proton probe. The 15 µm
aluminum light-blocking layer can block protons below 1 MeV. The proton measurement
index starts from 3 MeV. Thus, it fully meets the requirements for the measurable range
of electronics.
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4.2.2. Design of Sensor System

Semiconductor sensors can receive charged particles incident into the probe. In terms
of the linear response range, energy resolution, and spatial applicability, ion-implanted
silicon semiconductor sensors are currently the optimal performing semiconductor sensors.

The sensor systems in the high-energy proton and high-energy electron probes of
this scheme both adopted the semiconductor detector telescope method [25,26]. The
high-energy proton probe used five ion-implanted silicon sensors in combination with a
collimator to form a detection field of view with an opening angle of 40◦. The high-energy
electron probe used six ion-implanted silicon sensors in combination with a collimator to
form a detection field of view with an opening angle of 30◦. The function of the sensor
system is to measure the energy loss of charged particles in the semiconductor detector and
convert the energy into electrical signals and provide them to subsequent electronic circuits
for analysis. Through the signals of the sensor and by combining with the amplitude
analysis method and the appropriate logical working mode, the energy spectrum and flux
of the particles can be measured. Ion-implanted semiconductor sensors have excellent
energy resolution and are the mainstream sensors currently used.

According to the index design of the instrument, the specific indexes of the high-energy
proton and high-energy electron probe sensors are as follows. The thickness of the first
sensor is 500µm, and the thickness of the other sensors is 1 mm. The area and diameter of
the sensor affect the geometric factor of the instrument, that is, the ability of the instrument
to accept particles. Hence, the diameter of the sensor in the high-energy particle probe of
this instrument is 12 mm.

4.2.3. Design of Logical Working Modes

Through the combinational design of multi-chip sensors of the HEPD, the response of
high-energy protons and electrons with different energies in the sensor can be detected,
and the energy of the incident particles can be inverted according to the simulation results.

• High-energy proton detection logic

The physical simulation of the high-energy proton detector scheme was completed
using Geant4 software [32,33]. Figure 9 shows the energy loss curves of high-energy
protons in different sensors obtained via Monte Carlo simulation [34,35]. In Figure 9,
D1~D5, respectively, represent different semiconductor detectors from the front to the
back of the incident window, and each high-energy proton detector has a total of 5 pieces.
According to the simulation calculation results, the energy channel division and logical
working modes of the detector can be determined (Table 2).
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Each sensor signal was output to the corresponding pre-amplifier circuit separately.
Finally, the five channel front-shaped signals were combined into three channel outputs
after the main amplifier. According to the above simulation results and logical working
principle, the working mode of high-energy proton detection can be determined, as shown
in Table 2.

Table 2. Logical working modes of high-energy proton probe.

Energy Channel Energy Range Logical Working Modes

P1 3–5 MeV D12.64·D14.76·(D2 + D3 + D4)2.0·D50.7
P2 5–10 MeV D14.76·D18.30·(D2 + D3 + D4)4.51·D50.7
P3 10–26 MeV D12.00·(D2 + D3 + D4) 4.51·(D2 + D3 + D4)25.0·D50.7
P4 26–40 MeV (D2 + D3 + D4) 9.76·(D2 + D3 + D4)25.0·D50.7
P5 40–100 MeV (D2 + D3 + D4) 4.33·(D2 + D3 + D4)9.77·D50.7
P6 100–300 MeV (D2 + D3 + D4) 2.08·(D2 + D3 + D4)4.33·D50.7

• High-energy electron detection logic

The physical simulation of the high-energy electron detection scheme was completed
using Geant4 software [32,33]. Figure 10 shows the energy loss curves of high-energy
electrons in different sensors obtained via Monte Carlo simulation [34,35]. In Figure 10,
D1~D6, respectively, represent different semiconductor detectors from the front to the back
of the incident window, and each high-energy electron detector has a total of 6 pieces.
According to the simulation calculation results, the energy channel division and logical
working modes of the detector can be determined (Table 3).
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A total of 6 sensors were used in the high-energy electron probe sensor system. Each
sensor was output to the pre-amplifier circuit independently. Finally, the six channel front-
shaped signals were combined into three channel outputs after the main amplifier. The
specific combination method was that the first sensor (D1) had a single channel signal A1,
the second and third sensors (D2 and D3) were combined into one channel signal A2, and
the remaining three sensors (D4, D5, and D6) were combined into one channel signal A3.
According to the above simulation results and logical working principle, the working mode
of high-energy electron detection can be determined, as shown in Table 3.
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Table 3. Logical working modes of high-energy electron probe.

Energy Channel Energy Range Logical Working Modes

E1 0.15–0.35 MeV A10.14·A10.35·A20.1·A30.1
E2 0.35–0.65 MeV A10.65·A20.1·A20.56·A30.1
E3 0.65–1.20 MeV A11.0·A20.56·A21.14·A30.1
E4 1.2–2.0 MeV A11.0·(A2 + A3)1.14·(A2 + A3)1.94
E5 2.0–5.7 MeV A11.0·(A2 + A3)1.94·(A2 + A3)3.0
E6 3.0–5.7 MeV A11.0·(A2 + A3)3.0·(A2 + A3)5.0

Table 3 lists the logical working modes of the high-energy electronic probe, where A1
represents D1, A2 represents D2 + D3, and A3 represents D4 + D5 + D6, that is, the output
signals of each detector were added together.

4.2.4. Design of Geometric Factor

When conducting measurements, we assume that the particle flux is isotropic. Next, the
instrument’s counting rate has the following relationship to the particle flux in the environment.

S(cm−2s−1sr−1) =
N
( counts

s
)

G(cm2sr)
(1)

where S represents the measured value of the instrument’s flux, N represents the instru-
ment’s count rate, and G represents the instrument’s geometric factor. It can be seen from
the above formula that the measurement range of the instrument flux is related to the
counting ability per unit time and geometric factor [36].

The geometric factor is very important. It is related to the geometric structure of the
detector and the interference of different energies and different types of particles in the
counts of each energy range. The geometric factor determines the ability of the instrument
to accept space particles and also determines the final count rate state of the instrument.
Through the scientific and rational design of the geometric factor of the instrument, it cannot
only ensure that the counting of each channel of the instrument will not be saturated, but
also avoid the phenomenon where the counting rate is too low and the statistical fluctuation
is too large.

According to the basic structure of the collimator and sensor system in the high-energy
particle probe, the detection opening angle of each probe can be determined, as shown in
Figure 11.
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The detection opening angle of each high-energy proton probe is 40◦, and the geometric
factor is about 0.30 cm2sr. According to this geometric factor, the counting of each energy
range can be evaluated, as shown in Table 4.
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Table 4. Estimation of maximum count rate for high-energy proton probes.

Energy Range
(MeV)

Flux
(cm2ssr)

FY-3E Satellite Maximum
(Counts/s)

3–5 1 × 101–3 × 103 1 × 103

5–10 1 × 101–2 × 103 6 × 102

10–26 1 × 101–1 × 103 3 × 102

26–40 1 × 101–6 × 102 2 × 101

40–100 1 × 101–1 × 103 3 × 102

100–300 1 × 101–1 × 103 3 × 102

The detection opening angle of the high-energy electron probe is 30◦, and the geometric
factor is about 0.05 cm2sr. According to the measurement results of POES [37,38], the
electron flux of >100 keV was about 106 cm2ssr, and the electron flux of >300 keV was
about 5 × 105 cm2ssr.

According to the geometric factor of the high-energy electron probe and the maximum
electron flux measured by the POES satellite, the counting of each energy range is shown
in Table 5. It can be seen that the design of the geometric factor of the high-energy electron
probe is reasonable and can meet the electronic requirements of below 105 counts/s.

Table 5. Estimation of maximum count rate for high-energy electron probes.

Energy Range
(MeV)

Flux
(cm2ssr)

FY-3E Satellite Maximum
(Counts/s)

0.15–0.35 5 × 105–106 4 × 104

0.35–0.65 1 × 103–4 × 105 2 × 104

0.65–1.20 1 × 103–5 × 104 2 × 102

1.20–2.0 1 × 103–1 × 104 5 × 101

2.0–5.7 1 × 103–1 × 104 5 × 101

The minimum particle resolution time of the hardware circuit was 3 uS, and the
corresponding maximum counting ability was 3.3 × 105 particles. Considering the random
incident effect, the maximum count of general counting is controlled at about 1/5 of
the maximum counting ability, which is 6.6 × 104 particles, within the reasonable range
of processing.

4.2.5. Electronics Design

The electronics design of the HEPD mainly includes the front-end analog electronic
circuit of each probe, the back-end digital acquisition and processing circuit, and the satellite
bus interface. The front-end signal processing electronics mainly realizes the functions
of pre-amplification, pulse shaping, main amplification, and peak holding for the charge
pulse signal output by the semiconductor detector in each probe. Subsequently, this signal
is sent to the back-end digital circuit part, and the ADCs complete the analog-to-digital
conversion of the peak holding signal. The FPGA circuit mainly completes the functions of
data processing, compression, storage, and packaging of the signals collected by the ADC,
and communicates with the satellite through the interface bus to download the detection
data packages. In addition, the instrument electronics also includes power supply modules,
noise detection circuits, telemetry interfaces, temperature detection circuits, and sensor bias
circuits. The electronics principle of the high-energy particle detector is shown in Figure 12.
The sensor and front-end electronics in Figure 12 only show the probe of the −X direction,
and the probes of the other two directions have similar electronics.
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5. Ground-Based Calibrations

The purpose of the ground-based calibration of the HEPD was to verify and accurately
present the detection indexes, including the energy range accuracy, flux accuracy, measuring
range, and energy linearity. In this paper, the calibration results of the main indexes such
as the energy range and flux accuracy are briefly analyzed and introduced.

5.1. Energy Calibration
5.1.1. Calibration Methods

The energy calibration evaluates each energy channel’s measurement error. Addition-
ally, the evaluation result determines the actual energy index and detection accuracy of
the instrument. The energy range calibration determines the actual boundary point of the
detector energy channel range. The basic principle is that, when a particle with the energy
of the boundary point enters the detector, the probability of it falling into the upper and
lower energy ranges is equal. It can be expressed by the following formula:

P(i, Ei) = P(i + 1, Ei) (2)

where i is a certain energy range, Ei is the actual energy boundary, and P is the probability
of particles falling into the energy range.

During calibration, a high-energy electron or proton accelerator was used to output
a continuously adjustable single-energy particle beam. The whole high-energy particle
detector measured the particle beam so that the response of the instrument to particles of
different energies can be obtained. According to the actual response situation, the actual
energy range that can be recorded by each energy channel can be obtained. Adjusting
the particle beam energy and combining with measured data fitting can find the beam
energy when the counts of two adjacent channels are equal, that is, the actual measurement
boundary of the energy boundary.

As shown in Figure 13, when seeking the actual boundary point of two energy ranges
(E5 and E6), the beam energy selects multiple energy points. The two lines represent the
probability of protons with different energies falling into the two energy ranges (E5 and
E6). When the two lines intersect, it means that the probability of particles falling into the
two channels is equal. The incident energy corresponding to the intersection of the two
lines is the actual boundary point of the energy ranges (E5 and E6) [39,40].
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5.1.2. Calibration Results

The calibration experiments were conducted on the electron and proton accelerator
platforms, and the experimental scheme is shown in Figure 14. The instrument was installed
in the vacuum target chamber of the accelerator, the sensor center was at the same height as
the particle beam, and the incident beam was within the detector opening angle. The output
of the high-energy particle detection was transmitted to the data acquisition equipment
after the ground test system.
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In the calibration experiments, multiple particle beams with specific energy were
selected to irradiate the detector. Data analysis was performed on the response of different
energy beams, thereby determining the deviation between the actual measurement value
and the design value of each energy channel in the instrument.

The high-energy proton calibration experiment was conducted in the proton accel-
erator of the China Institute of Atomic Energy. During the experiment, the energy of the
proton beam was adjusted to calibrate the threshold energy (15 MeV, 25 MeV, 40 MeV, and
80 MeV) designed by the instrument. Figure 15 shows the calibration results output by the
three probes when the proton energy channel was 40 MeV. Through this analysis [41], it can
be seen that the errors of all energy channel divisions in the three directions of high-energy
protons were less than 10%, which meets the index requirements of less than 15%.

Aerospace 2023, 10, x FOR PEER REVIEW 12 of 17 
 

 

 
Figure 13. The principle of energy range calibration. 

5.1.2. Calibration Results 
The calibration experiments were conducted on the electron and proton accelerator 

platforms, and the experimental scheme is shown in Figure 14. The instrument was in-
stalled in the vacuum target chamber of the accelerator, the sensor center was at the same 
height as the particle beam, and the incident beam was within the detector opening angle. 
The output of the high-energy particle detection was transmitted to the data acquisition 
equipment after the ground test system. 

 
Figure 14. Experimental scheme of energy channel calibration. 

In the calibration experiments, multiple particle beams with specific energy were se-
lected to irradiate the detector. Data analysis was performed on the response of different 
energy beams, thereby determining the deviation between the actual measurement value 
and the design value of each energy channel in the instrument. 

The high-energy proton calibration experiment was conducted in the proton acceler-
ator of the China Institute of Atomic Energy. During the experiment, the energy of the 
proton beam was adjusted to calibrate the threshold energy (15 MeV, 25 MeV, 40 MeV, 
and 80 MeV) designed by the instrument. Figure 15 shows the calibration results output 
by the three probes when the proton energy channel was 40 MeV. Through this analysis 
[41], it can be seen that the errors of all energy channel divisions in the three directions of 
high-energy protons were less than 10%, which meets the index requirements of less than 
15%. 

   
(a) −X direction (b) +Y direction (c) −Z direction 

Figure 15. Calibration results of proton energy channel in three directions (40 MeV). 

High-energy 
particle detector 

Ground test 
system 

Data 
acquisition 

Power supply 
Vacuum tank 

Particle beam 

Figure 15. Calibration results of proton energy channel in three directions (40 MeV).



Aerospace 2023, 10, 173 13 of 17

The high-energy electron calibration experiment was performed in the electron accel-
erator of the National Space Science Center of the Chinese Academy of Sciences. During
the experiment, the threshold energy (150 keV, 350 keV, 650 keV, and 1.2 MeV) designed
by the instrument was calibrated by adjusting the energy of the electron beam. Figure 16
shows the calibration results output by the three probes when the electronic energy channel
was 650 keV. Through analysis, it can be seen that the errors of all electronic energy channel
divisions in the three directions of high-energy electrons were less than 5%, which meets
the index requirements of less than 15%.
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For the high energy range that cannot be covered by the accelerator energy, the test
results of the coverage range were used to perform linear extrapolation for calculation [42].

5.2. Flux Accuracy Calibration
5.2.1. Calibration Methods

The purpose of particle flux calibration is to calibrate the actual counting ability
of the payload, obtain the corresponding accuracy to the particle flux (that is, with the
relationship between the reconnection output and the incident particle counting), determine
the detection sensitivity, and finally evaluate the impact of the background noise counting
on the detector.

Theoretically, the flux error can be directly calibrated by a particle source with a
known flux to the detector. However, in fact, the particle flux is not stable regardless of the
accelerator or radioactive source. Therefore, there is no accurate and reliable method for
direct calibration of flux [25]. In order to calibrate the particle flux error, an indirect method
of decomposing the flux error into various contributing errors, measuring them separately,
and then superimposing them into the total flux error is adopted.

The direct detection quantity of the detector is the counting N (counts/s). In order
to facilitate the comparison of the data, the data need to be normalized. The counting is
divided by the geometric factor G of the instrument, and then the flux of the detector is
obtained as

M(cm−2s−1sr−1) =
N
( counts

s
)

G(cm2sr)
(3)

Therefore, there are two factors that affect the flux calibration accuracy, namely, the
instrument counting accuracy and the geometric factor accuracy. The counting is the initial
output data of the payload, and it is directly related to its sensor and electronics. Hence,
the error of the counting includes the particle response error of the sensor and the response
error of the electronics, as shown in Figure 17.
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Assume that the relative accuracy of the detector flux M is σM, the relative accuracy of
the counting is σN , and the relative accuracy of the geometric factor is σG. According to the
formula of error propagation,

σ2
y = ∑

i
(

∂y
∂xi

)
2
σ2

xi (4)

The relative accuracy of the flux is obtained as,

σ2
M =

(
∂M
∂N

)2
σN

2 +

(
∂M
∂G

)2
σG

2 =
1

G2 σN
2 +

N2

G4 σG
2 (5)

The sensor counting error calibration was tested separately using the silicon semicon-
ductor detectors of the same batch. The sensor was placed in a test box, and the sensor was
irradiated with a 207Bi radioactive source. The total count recorded by the sensor per unit
time was counted by the dedicated multi-channel system for sensor measurement.

The above steps were repeated continuously to obtain a series of counting rates ni.
Finally, the counting response error of the sensors of the batch was obtained by calculating
the standard deviation method. The electronic counting error calibration was mainly
obtained by writing software and using the random function generator in the program to
simulate the time distribution of the space particle injecting into the sensor. If the signal
collection time of the instrument is t, when the time difference between two particles
incident is less than t, only one of the large signals is recorded. The counts that were “eaten”
due to signal superposition and the actual counts of the detectors were recorded to obtain
the electronic counting errors of the detector. The use of the particle incidence of different
fluxes in the calibration yielded the corresponding relation between the number of incident
particles and the detector output counts.

The geometric factor is an important characteristic parameter of the detector. It is a
necessary parameter for data normalization and data comparison. The method of obtaining
the geometric factor error is to simulate the geometric factor value Gi of each energy channel
with the same input parameters and then obtain the geometric factor error σG according to
the error propagation function.

5.2.2. Calibration Results

According to the above calibration methods, the calibration results of different items
can be obtained. The final calculation results of the flux accuracy errors of the high-energy
particle detector are shown in Table 6.

Table 6. Calibration results of particle flux.

Electronic
Counting Error

Sensor
Counting Error

Geometric
Factor Error Flux Error

Error 0.95% 4.8% 3% 8.75%
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5.3. Sensitivity Calibration

Sensitivity refers to the minimum space environment change that can cause a one-
count change in the payload. The main determinant is the geometric factor G. Next, the
lowest flux change that the detector can respond to is 1/G, and the detector sensitivity is,

1/G
N

× 100% (6)

The geometric factor of the high-energy proton detector G = 0.30 cm2sr. According
to the aforementioned detection sensitivity test method, the flux increase that causes a
count change in the sensor is ∆N = 3.3 cm−2sr−1. When the flux is >66 cm−2s−1sr−1,
the sensitivity of the detector is better than 5%. Similarly, the geometric factor of the
high-energy electron detector G = 0.046 cm2sr. Therefore, the flux increase that causes a
count change in the sensor is ∆N = 21.7 cm−2sr−1. When the flux is >434 cm−2s−1sr−1, the
sensitivity of the detector is better than 5%.

6. Conclusions

The HEPD described in this study performed energy spectrum and flux observations
of high-energy protons and electrons in the LEO orbit. The performance indexes of the in-
strument were verified by ground-based calibration experiments, and the results represent
that all the HEPDs’ measured values meet the requirements for technical indexes, such as
the detection energy range, energy span accuracy, flux accuracy and sensitivity. The HEPD
obtained a large amount of on-orbit space environment detection data, which have been
applied to satellite operation and on-orbit management analysis, effectively promoting the
development of space environment and space weather research in China.
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