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Abstract Space environment exploration is a hot topic globally. The scope of space exploration ranges from

near-Earth space to the moon, other planets in the solar system, and even the heliosphere and interplanetary space.

It is used for various crucial applications, including aerospace technology development, space weather research,

understanding the origin and evolution of the universe, searching for extraterrestrial life, and finding human liv-

able places. Although China’s space environment exploration started late, its progress has been rapid. China is

gradually narrowing the gap with advanced countries and may eventually lead the world in space research. This ar-

ticle briefly reviews the development history of China’s space environmental detectors.
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0 Introduction

The high-energy space radiation, including galactic cos-
mic rays, solar high-energy particles, and Earth’s radia-
tion belt particles, is one of the vital factors that directly
affect the normal operation of spacecraft and threaten the
safety of astronauts. The electronic systems of space-
craft are damaged by high-energy particles, which in-
clude radiation damage effects and single event
effects'"’. Such damage can lead to the degradation or
failure of spacecraft performance and even lead to catas-
trophic consequences. In addition, long-term excessive
radiation accumulation can cause irreversible damage to
human organs and tissues. Therefore, the study of the

high-energy radiation environment in space is an indis-
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pensable part of space exploration, which can provide a
reliable design for the safety of spacecraft and astro-
nauts. Furthermore, the detection of space radiation pro-
vides useful experimental data for understanding the
structural characteristics of the physical field and the in-
teraction between particles and field. Chinese space en-
vironment exploration has gone through decades of de-
velopment. In this study, we have reviewed the progress
history of China’s space exploration.

1 Near-Earth Space Environment
Exploration

1.1 China Manned Space Project
China Manned Space Project (CMSP) has paid great at-
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tention to protecting the space environment since its ear-
ly launch stage. The Space Environmental Monitors
(SEMs) have been manufactured since the development
of Shenzhou-II aircraft. SEMs aim to monitor the space
weather in the orbit of the space station. SEMs can pro-
vide an early warning of catastrophic radiation events,
thereby ensuring the safety of astronauts and normal op-
eration of the spacecraft.

1.1.1 Shenzhou Manned Spacecraft

The SEM on Shenzhou-II and Shenzhou-III spacecraft
includes an atmospheric density detector, an atmosphe-
ric composition detector, and a solid track detector to de-
tect changes in the orbital atmosphere and the heavy-ion
radiation. Apart from these detectors, the Shenzhou-IV
and Shenzhou-V spacecraft are also equipped with a
High Energy Proton And Heavy Ion Detector (HEPHID),
a High Energy Electron Detector (HEED), a single event
detector, a Low Energy Particle Detector (LEPD), and
two surface potential detectors. The SEMs monitor the
radiation environment of high-energy particles in the
spacecraft orbit and provide warning for catastrophic ra-
diation events, which ensures normal operation of the in-
strument and safety of astronauts””. The SEMs focus on
the systematic detection of charged particles and their ef-
fects in the upper atmosphere to further understand the
space weather conditions. The High-energy Particle De-
tectors (HPD) of the SEMs in the first phase of manned
spacecraft provide the energy spectrum and spatial dis-
tribution of high-energy particles in the orbital space.
Among them, HEPHID is used to monitor the high-ener-
gy protons, alpha particles, and other heavy particles in
the orbit of the aircraft. The energy spectrum and spatial
distribution of ions can detect protons in the energy
range of 2.9~ 300 MeV, alpha particles in the range of
4~ 26 MeV per nucleon, and other heavy ions. The
HEED is used to monitor the spatial distribution and en-
ergy spectrum of high-energy electrons in the orbital
space in the energy range of 0.2~5 MeVP! The energy
range of Shenzhou-IV/V HEED and HEPHID is shown
in Table 11",

Shenzhou-1V/V HEPHID and HEED have provid-
ed several interesting results. During the quiet period of
the space environment, high-energy particles in the
manned space orbits are mainly distributed in the
anomalous zone of the South Atlantic Ocean. There are
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Table 1 Energy range channels of Shenzhou-I1V/V

HEED and HEPHID

HEED HEPHEI
E1:0.20~0.40 MeV P1:2.9~4.0 MeV
E2:0.50~0.60 MeV P2:4.0~5.4 MeV
E3:0.60~0.80 MeV P3:5.4~8.0 MeV
E4:0.80~1.00 MeV P4:8.0~15 MeV
E5: 1.00~1.30 MeV P5:15~26 MeV
E6: 1.30~1.60 MeV P6:26~32 MeV
E7:1.60~2.00 MeV P7:32~60 MeV
E8:2.00~5.00 MeV P8: 60~100 MeV

P9: 100~160 MeV

P10: 160~300 MeV

Heavy ions: 4~26 MeV
per nucleon

o particles: 4~26 MeV
per nucleon

only a few protons with energy greater than 3 MeV per
second, and the count rate of electrons with an energy of
0.4~0.5 MeV count is 400 s . As the energy increases,
the flux of high-energy electrons and high-energy pro-
tons decreases rapidly. During solar proton events and
geomagnetic storms, a large number of charged parti-
cles settle over high magnetic latitudes such as North
America and southwestern Australia. After the solar pro-
ton event and magnetic storm, the intensity and flux of
the charged particles in the radiation belt are extremely
high, and such events can last for several days[s]. High-
energy charged particles also have obvious directionali-
ty, especially high-energy electrons. A large number of
particles are distributed perpendicular to the magnetic
field lines"”.

1.1.2 Space Laboratory Missions

The second phase of the manned spacecraft Tiangong-I
and Tiangong-II is also equipped with a Particle Direc-
tion Detector (PDD), which is composed of a proton en-
ergy spectrum sensor, an electron energy spectrum sen-
sor, and 16 directional flux sensors. A picture of PDD is
shown in Fig.1.

Some parameters of these sensors are listed in
Table 2! The PDD monitors the energy spectrum dis-
tribution, direction distribution, regional distribution,
and temporal and spatial changes of high-energy parti-
cles in the orbit of the spacecraftm. Thus, complete radi-
ation images of high-energy charged particles in the or-
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bital space can be obtained. These results provide more
accurate data for the establishment of static and prelimi-
nary dynamic particle radiation models of manned
spacecraft.

Tiangong-I is the first prototype space station in the

world that can measure high-energy electron and proton

/c~

tional flux sensors

Fig. 1 Picture of the space particle direction detector

Table 2 Main parameters of the PDD

Directional flux
sensor

Electron energy
spectrum sensor

Proton energy
spectrum sensor

Energy High-energy 0.2~10 MeV 3~300 MeV
range €lectrons: > 100 keV
High-energy protons:
1.5~200 MeV
Field of 180°x15° 30° 40°
view
(a)
z (Earthside) ~ Flux/(em s sr'!)
7 T
T
£
2
=
=
s

200

800
700 f
600
500 f
400 |
300 |
200

1173

intensities in 16 directions in the manned space orbit. At
the same time, it also provides sufficient reference data
for China’s subsequent manned space missions to enter
this orbit. Fig.2 and Fig.3 show the direction distribu-
tion of high-energy electrons and protons measured by
the Tiangong-I PDD, respectively. The results of Tian-
gong-I and Tiangong-II are generally consistent during
the quiet period of solar activity.

1.1.3 China Space Station

The construction of the space station is the third step of
the “three-step strategy” development of the CMSP™.
The China Space Station (CSS) project is being imple-
mented in two phases: the space laboratory mission and
the space station mission. Presently, China has complet-
ed the space laboratory phase mission and entered the
space station mission phase. The CSS is a manned space
station, consisting of a core module and two experimen-
tal modules. It will operate in low-Earth orbit for a long
time. The orbit is a near-circular orbit with an inclina-
tion of 42°~43° and an altitude of 340~ 450 km. The
core module of the CSS was successfully launched in
Wenchang, Hainan on 29 April 2021.

To ensure the safety of astronauts and the space sta-
tion, an SEM is installed in the experimental cabin. The
SEM is used for comprehensive monitoring of particle
radiation, orbital atmosphere, and plasma charging and
discharging. According to the characteristics of the dif-
ferent stages of the space station and various application
requirements, the Energy Particle Detector (EPD) in the
experimental cabin I will be used to detect particle radia-
tion. A schematic of the EPD structure is shown in Fig.4.
The measured particle species include protons, electrons,

Fit results + Actual results
Correlation coefficient 98.76%

0 30 60 90 120 150 180
Pitch angle / (°)

Fig. 2 Direction distribution of high-energy electrons measured by Tiangong-I PDD. (a) Electron radiation intensity of

Tiangong-I in the center of the South Atlantic anomaly zone in different directions. (b) Distribution of electron

fluxes (>35 keV) in the center of the South Atlantic anomaly zone with the pitch angle
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Fig. 3 Direction distribution of high-energy proton measured by Tiangong-I PDD. (a) The proton radiation intensity of

Tiangong-I in the center of the South Atlantic anomaly zone in different directions. (b) The distribution of proton

fluxes (1.5~200 keV) in the center of the South Atlantic anomaly zone with the pitch angle

Medium-energy
proton detector

Medium-energy
electron detector

High-energy
particle detector

Fig.4 Schematic structure of energy particle detector

heavy ions, and neutrons, and the energy range is from
medium to high energy. The measured physical quanti-
ties include energy spectrum, flux, directional character-
istics, Linear Energy Transfer (LET) spectrum and dose
rate, etc. Some technical indicators of the EPD are
shown in Table 3. Through comprehensive monitoring
of the space environment, EPD provides necessary input
data for examining the long-term changes and distur-
bance characteristics of the space environment of the
manned space orbit. In addition, it is also conducive to
further improving the manned space engineering and
adaptability of the space environment.

1.2 Fengyun Series of Meteorological Satellites

As early as the 1970s, China began to implement a mete-
orological satellite program. By the end of 2020, it
launched 18 meteorological satellites (including 9 polar-
orbiting satellites and 9 geostationary satellites). Recent-
ly, the FY-4B satellite was successfully launched on
3 June 2021. The commercial operation of polar-orbit-
ing satellites and geostationary satellites has been real-

ized. FY-2 and FY-3 have become important members
of the global operational meteorological satellite detec-
tion system. They are important tools of China for glob-
al data monitoring, regional weather and environmental
monitoring, meteorological services, and scientific re-
search on the Earth system. Some meteorological satel-
lites of the Fengyun series are equipped with SEM,
which can monitor the flux of solar X-rays, high-energy
protons, high-energy electrons, and high-energy heavy
ions. The SEMs are used for space weather monitoring,
early warning, and forecasting operations. The SEMs on
the FY-1 and FY-3 series include HPDs and ionospheric
measurement sensors. The FY-2 and FY-4 series satel-
lites are also equipped with SEMs to monitor solar activ-
ity and environment of high-energy charged particles in
the geostationary orbit and provide early warning and
forecast of solar flares, solar proton events, and high-en-
ergy electron storms'”.

1.2.1 Polar-orbiting Meteorological Satellites

The FY-1 and FY-3 series satellites are meteorological
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Table 3 Some parameter indices of
Experimental Module I

Parameter type Parameter index

Energy Protons 20 keV~300 MeV

spectrum

range Heavy ions 8~400 MeV per nucleon
Electrons 20 keV~10 MeV
Neutrons 0.025 eV~100 MeV

Particle composition
discrimination

Distinguish protons, heavy ions
He~Fe (2 < Z < 26), electrons,
and neutrons

0.001~75 MeV-mg-cm
(=64 channels)

>75 MeV‘mgcm’2 (1 channel)

Precision: better than 15%

LET spectrum range

Dose rate 0.01~100 rad'dfl(Si)

satellites operating in sun-synchronous polar orbits. The
FY-1 meteorological satellite is the first transmission-
type polar-orbiting remote sensing satellite in China. It is
the first step to develop and launch a space-based re-
mote sensing application satellite. The space particle
component detector onboard is used to monitor high-en-
ergy particles in sun-synchronous orbit space. The high-
energy proton and heavy-ion radiation data are useful for
flight control management, anomaly analysis, and the
satellite’s anti-radiation reinforcement design. The SEM
monitors one channel of high-energy electron fluence,
five channels of high-energy proton flux (energy spec-
trum), and six channels of heavy-ion components. The
monitored heavy-ion components range from helium
ions to iron ions (atomic numbers 2~26) and are divid-
ed into six levels according to the atomic number, and
the lightest ions in each level are He, Be, C, Mg, Ar, and
Fel'”.

The FY-3 satellites are second-generation polar-or-
biting meteorological satellites. They are developed and
improved based on the FY-1 technology. The ability to
accurately detect global, all-weather, multi-spectral, and
three-dimensional characteristics of the surface state has
improved the quality of weather forecasts in China, oth-
er Asian countries, and the world. The level of natural
disaster and environmental monitoring has been im-
proved significantly. The SEM onboard FY-3is im-
proved based on the FY-1 SEMs, which has enhanced

the detection accuracy of high-energy particles and

broadened the particle measurement range. The SEMs
can effectively monitor the space environment and the
flux of high-energy charged particles in real-time, and it
records the impact of space weather on the satellites.
Table 4" shows some parameters of SEMs of the
Fengyun polar-orbiting satellites.

Fig.5 shows the global distribution of FY-3C high-
energy protons from 1 to 16 in October 2013. It can be
seen that during periods of relatively calm space weath-
er, high-energy protons are mainly distributed in the
anomalous area of the South Atlantic Ocean. Near the
center of the South Atlantic anomaly, the proton flux is
higher. As the proton energy increases, its distribution
range and flux decrease. The South Atlantic anomaly is
formed due to the abnormal structure of the geomagnet-
ic field, and the high-energy particles captured by it are
part of the inner radiation belt. The South Atlantic
anomaly has a significant impact on the low-orbiting
spacecraft.

Fig.6[12] shows the global distribution of FY-3C
high-energy electrons from 16 October to 15 November
2013. It can be seen that high-energy electrons are main-
ly distributed in the anomalous and polar regions of the
South Atlantic. With the increase in the electron energy,
its distribution range and flux also decrease gradually.
Especially, in the polar region, the decrease is rapid. The
trapping mechanism of electrons in the South Atlantic
anomaly is similar to that of protons. The high-energy
electrons in the polar region are mainly sinking elec-
trons in the outer radiation zone, and their distribution is
affected by solar and geomagnetic activities.

Li et al"™ compared the FY-3C high-energy parti-
cle data with NOAA-18 and FY-3B satellite data during
the calm period of space weather. The results verified
the stability of the SEM state and also confirmed that the
high-energy particle data of the FY-3C satellite has good
consistency with the data of other satellites.

1.2.2 Geostationary Meteorological Satellites

China began to develop geostationary orbit meteorologi-
cal satellites and ground application systems in the
1980s. The first geostationary meteorological satellite
FY-2A was launched on 10 June 1997 using the Long
March 3 carrier rocket in Xichang. The FY-2 series
satellites are the first generation of geostationary meteo-
rological satellites in China, which work in the geosta-
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Electrons Protons Heavy-ions
FY-1C/D E>1.6 MeV P1:2.9~102 MeV He: 12~102 MeV
P2:5.4~11.7 MeV Be: 30~320 MeV
P3:11.7~40 MeV C: 60~570 MeV
P4: 40~100 MeV Mg: 0.2~1.7 GeV
P5: 100~300 MeV Ar: 0.3~2.8 GeV
Fe: 0.5~2.3 GeV
FY-3A(B) E1:0.15~0.35 MeV P1:3.0~5.0 MeV He: 11.6~104 MeV
E2:0.35~0.65 MeV P2:5.0~10 MeV Li: 24.5~215 MeV
E3:0.65~1.2 MeV P3:10~26 MeV C: 61~590 MeV
E4:1.2~1.9 MeV P4: 26~40 MeV Mg: 0.195~1.2 GeV
ES: 1.9~5.6 MeV P5:40~103 MeV Ar: 0.29~2 GeV
P6: 103~308 MeV Fe: 0.49~2.0 GeV
FY-3C(D) El1:0.15~0.35 MeV P1:3.0~5.0 MeV He: 12~110 MeV
E2:0.35~0.65 MeV P2:5.0~10 MeV Li: 24~220 MeV
E3:0.65~1.2 MeV P3:10~26 MeV C: 61~570 MeV
E4:1.2~2.0 MeV P4: 26~40 MeV Mg: 0.2~1.2 GeV
ES:2.0~5.7 MeV P5:40~100 MeV Ar: 0.3~2 GeV
P6: 100~300 MeV Fe: 0.5~2.0 GeV

tionary orbit in a spin-stabilized manner. The geostation-
ary orbit is located at the edge of the center of the ex-
traterrestrial radiation belt'"”. There are abundant high-
energy charged particles, which threaten the safe opera-
tion of satellite instruments.

The SEM onboard FY-2 satellites can monitor and
provide a warning on the changes in solar activity and
disturbance of particles in the geostationary orbit in real-
time. The SEM can provide early warning of disastrous
space weather events, ensuring the safe operation of
space-borne instruments. The SEM consists of a HPD
and a solar X-ray detector. It can realize real-time moni-
toring of the multi-energy range of high-energy elec-
trons, high-energy protons, high-energy heavy ions, and
solar X-ray fluxes. The HPDs of the FY-2 01 batch of
satellites (including FY-2A and FY-2B) are used to
monitor the flux disturbance and energy spectrum distri-
bution of high-energy protons, electrons, and heavy ions
in the space environment of the satellite orbit. There are
seven energy channels in total, including one electron
energy channel, four proton energy channels, and two
heavy ion energy channels. The high-energy particle
monitors of the FY-2 02 batch satellites (including FY-
2C, FY-2D, and FY-2E) have increased the detection ef-

ficiency of high-energy electron energy channels based
on the FY-2 01 batch, including two high-energy elec-
tron energy channels, three high-energy electron energy
channels, one proton energy channel, one heavy ion en-
ergy channel, and one alpha particle energy channel.
FY-2 03 batch satellites (including FY-2F, FY-2G, and
FY-2H) are equipped with a HEED and a HEPHID for
high-energy electron and proton detection, which broad-
ened the energy spectrum and refined the energy chan-
nels'"". Pictures of HEED and HEPHID of FY-2F(G)
are shown in Fig.7.

The FY-4A satellite is the first satellite of China’s
second-generation geostationary meteorological satellite,
which uses three-axis stable attitude control. Compared
with the stable-spinning FY-2 meteorological satellite,
the performance of the FY-4A satellite is significantly
improved. The SEM onboard the satellite monitors solar
activity and space environment. The detection results
provide data support for space weather forecast opera-
tion and research. The design of the HPD carried by the
FY-4 satellite is completely different from that carried
by the FY-2 series satellites. The FY-4 HPD is com-
posed of six telescopes and electronic systems. Three

telescopes are used for the detection of low-energy elec-
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Fig. 5 Global distributions of FY-3C protons from 1 to 16 October 2013

trons (0.4~ 1.5 MeV), and one telescope is used for the
detection of high-energy (>1.5 MeV) electrons. For de-
tection, two telescopes are used to detect the energy
spectrum of high-energy protons (1~ 4 MeV and 4~
165 MeV). Fig.8 shows a picture of HPD onboard FY-
4A. Table 5 shows the detected particle species and en-
ergy range of the SEMs of Fengyun Stationary Meteoro-
logical Satellite.

1.[13]

Liu et a compared and fused the observation

data of relativistic electrons obtained by FY-4A and
GOES-13 in the same orbit to eliminate the deviation be-

o3l

tween the two detection systems. Fig. shows the

changes in the electron fluence of two satellites with en-

ergy greater than 2 MeV in the same period as a func-
tion of time. It can be seen that the observation results of
the two satellites exhibit obvious diurnal changes. Since
the time difference between the locations of the two
satellites is 12 h, the phase changes of the electron flux-
es observed by the two satellites in the figure are oppo-
site, i.e., the trends of the electron fluxes observed by the
two satellites are the same.

1.3 Double Star Program

The Double Star Program (DSP) is a joint geospace ex-
ploration program between the China National Space
Administration (CNSA) and the European Space Agen-
cy (ESA). The DSP uses the Cluster II four satellites of
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Fig. 6 Global distributions of FY-3C electrons from 16 October to 15 November 2013

ESA to complete the “six-point observation” of the
Earth in space. The DSP includes two satellites: TC-1
operating in the near-Equator active area and TC-2 in the
near-Earth polar active areal'®. Each satellite is equipped
with three HPDs: a HEED, a High-Energy Proton Detec-
tor (HEPD), and a HID". The main parameters of
HEPDs onboard TC-1/2 are shown in Table 6", Fig.10
shows a picture of the flight model of HEPD onboard
TC-1. The detection results are used to analyze the dis-
tribution function, flux spectrum, and composition of

high-energy particles for studying the temporal varia-
tion as well as temporal and spatial distribution charac-
teristics of various particles during magnetospheric
space storms''”.

Cao et al"™ introduced some preliminary detec-
tion results and compared the directional flux of
HEPD/TC-1 and AP8-predicted high energy proton om-

ni-directional flux. Fig.ll[lg]

shows the comparison re-
sult. It can be seen that the peak position and overall

variation trend of the data obtained by HEPD are consis-
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High-energy electron detector  (a)
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High-energy proton and heavy ion detector (b)

Fig. 7 High-energy electron detector, high-energy proton and heavy ion detector of FY-2F(G)

Fig. 8 High-energy particle detector of FY-4A

tent with the predicted result of the AP8 model, thereby
verifying the reliability of the HEPD detection data.

2 Chinese Lunar Exploration Program

Chang’E-1 (CE-1) is the Chinese first lunar exploration
satellite. The SEM onboard CE-1 is composed of a solar
HPD and two Solar Wind Ion Detectors (SWIDS)[ZO].
They are used to detect composition, flux, energy spec-
trum, and time-varying characteristics of high-energy
charged particles during the flight from the earth to the
moon and around the moon"). HPD and SWIDs work
together to accomplish the scientific goal of exploring
the Earth-Moon space environment. The Chang’E-2
(CE-2) satellite is the pilot star of the second phase of
the Chinese Lunar Exploration Program (CLEP). It flew
out of the lunar orbit after completing various scheduled
exploration tasks. CE-2 conducted some extended exper-
iments such as the Sun-Earth Lagrangian L2 point ex-

ploration and the Tuatatis asteroid flyby, becoming an
artificial asteroid orbiting the sun. The SEM onboard
CE-2 satellite has the same parameters as that onboard
the CE-1 satellite. The orbiting period of CE-2 was the
peak year of solar activity, which provided the best ex-
ploration opportunity for detecting and studying solar
wind, coronal mass ejection, solar energetic particles,
and their impact on the lunar space environment. Fig.12
shows the SEM onboard CE-1.

SWID adopts a hemispherical electrostatic analy-
zer with 12 detection entrances evenly distributed on a
fan with a polar angle of 180°. Each polar angle en-
trance divides the energy channel width of 0.04~
20 keV into 48 energy channels in a nearly logarithmic
manner. The field of view is 180°x6.7°, the angular res-
olution is 15°x6.7°, the time resolution can reach
2.9 sec, and the counting range is 0~ 10° s ®*. The
SWID observation object is the solar wind ions in the
energy range of 0.04~20 keV. SWID aims to obtain the
basic characteristics of the solar wind in lunar space,
such as speed, temperature, density, etc. The detection
results are used to examine the characteristics of the
plasma environment in lunar space and the interaction
between plasma and the moon.

HPD is composed of three semiconductor silicon
detectors, mainly to measure the solar high-energy parti-
cle events. The field of view of HPD is 60°, and it can
observe 4~ 400 MeV protons, 0.1~ 2 MeV electrons,
>2 MeV electrons, 13~105 MeV helium, 34~210 MeV
lithium, and 117~ 590 MeV carbon ion”'’. High-energy
particles in this range can penetrate the satellite surface,
which may cause charging effect, single-event effect,
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Table S Particle species and energy range of the SEMs of Fengyun geostationary meteorological satellite

High-energy electrons/MeV

High-energy protons/MeV

Heavy ions

FY-2 A(B) E:>1.4MeV P4:>1.1 MeV *He, 3.5~26 MeV/n
P1:3.5~26 MeV “He, 3.5~26 MeV/n
P2: 10~26 MeV
P3:26~300 MeV
FY-2 C(D/E) El: =350 keV P1: 10~30 MeV He, 40~120 MeV
E2: =2.0 MeV P2:30~100 MeV Li, 80~240 MeV
P3: 100~300 MeV
FY-2 F(G) El: 0.2~0.3 MeV Pl: 4~9 MeV Hey, 4~10 MeV/n
E2:0.3~0.4 MeV P2: 9~15 MeV He,, 10~20 MeV/n
E3:0.4~0.5 MeV P3: 15~22 MeV Hes, >20 MeV/n
E4: 0.5~0.6 MeV P4:22~40 MeV
E5:0.6~0.8 MeV P5:40~80 MeV
E6: 0.8~1.0 MeV P6: 80~165 MeV
E7:1.0~1.5 MeV P7:>165 MeV
E8=1.5MeV
E9>2.0 MeV
E10=3.0 MeV
E11=4.0 MeV
FY-4 A El: 0.4~0.5 MeV P1: 1~2 MeV
E2:0.5~0.6 MeV P2:2~4 MeV
E3:0.6~0.8 MeV P3: 4~9 MeV
E4: 0.8~1.0 MeV P4: 9~15 MeV
E5: 1.0~1.2 MeV P5: 15~40 MeV
E6: 1.2~1.5 MeV P6: 40~80 MeV
E7: 1.5~2.0 MeV P7: 80~165 MeV
E8:2.0~4.0 MeV P8 >165 MeV
E9>2.0 MeV
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Fig. 9 Fluxes of relativistic electron (> 2 MeV) from FY-4A and GOES-13 from 3 to 9 March 2017
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Table 6 Main parameters of particle detectors onboard TC-1/2
HEED HEPD HID
Geometric factor 0.0274 cm’-sr 0.1105 cm’-sr 0.255 cm>-sr
Count rate 0~105s" 0~105s" NC
Energy range 0.2~10 MeV 3~400 MeV 12 MeV (He")~8 GeV (Fe)
Energy channels E0: 0.2~0.4 MeV P1:3.0~5.0 MeV He: 12~50 MeV, 50~130 MeV,
130~220 MeV, 220~50 MeV
E1: 0.4~0.5 MeV P2:5.0~10.0 MeV Li: 23~250 MeV
E2:0.5~0.6 MeV P3: 10~20 MeV Be: 36~390 MeV
E3:0.6~0.8 MeV P4:20~30 MeV B: 53~640 MeV
E4:0.8~1.0 MeV P5:30~50 MeV C: 70~700 MeV
E5:1.0~1.5 MeV P6: 50~100 MeV N: 89~890 MeV
E6:1.5~2.0 MeV P7: 100~200 MeV 0: 109~1090 MeV
E7:2.0~3.0 MeV P8:200~400 MeV F: 137~1341 MeV
E8:3.0~10.0 MeV Mg: 200~2000 MeV
Ar: 380~400 MeV
Fe: 640~7000 MeV
T’-\ 40000 T T T T T T T T T
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3 ] / N\ P (30~400 MeV)
= 20000 4 / \
g r N
= 100004/ N
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Fig. 10 Fight model of HEPD onboard TC-1 . . . .
g & Fig. 11 Comparison between AP8-predicted high-energy

and so on. These events pose a threat to the normal oper-
ation of the satellite. The detection data obtained by
SEM is used to study the origin, transmission, and time-
space characteristics of high-energy charged particles
near the surface of the moon, providing abundant infor-
mation for the safety of spacecraft design.

A large amount of CE-1and CE-2 detection data
has provided a deep understanding of the near-Lunar
space environment. CE-1 and CE-2 monitored many
high-energy electron burst events. Wang et al” ana-
lyzed the typical detection data of HPD and SWID on-
board CE-1 and CE-2. The analysis results showed that

the energetic particle radiation environment in near-

proton omni-directional flux and the directional flux of
HEPD/TC-1 on January 2004

Moon space is not very different from the interplanetary
space during the calm period of solar activity and the lu-
nar surface is bombarded by the solar wind. In addition,
the sharp increase in the energetic electron flux can
cause a significant decrease in the potential of the lunar
surface and satellites, leading to particle acceleration
events.

The space environment detection of CE-4 is based
on an international cooperation method”. The lunar

Lander Neutron and Dosimetry (LND) instrument on-
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board CE-4 is used to measure the integrated particle ra-
diation dose, LET spectrum, fast neutron spectrum, and
thermal neutron spectrum on the lunar surface™. A pic-
ture of LND is shown in Fig.13. The Advanced Small
Analyzer for Neutrons (ASAN) instrument is used to
measure the energy-neutral atomic flux and distribution
function during the scattering process on the lunar sur-

face. The ASAN detection results are used to examine

Fig. 12 Solar wind ion detector (left side) and high energy
particle detector (right side)

14.5 T T

Chin. J. Space Sci. =WAFFFIR 2022, 42(6)

the memory mechanism of the atmospheric sputtering
process on the lunar surface®.

During LND’s orbit operation, two solar particle
burst events were monitored on 6 May 2019 and 1 De-
cember 2020. Zhang et al.””

results of the radiation dose of LND on the lunar sur-

analyzed the measurement

face: the average total absorbed dose rate of the lunar
surface particle radiation in silicon was 12.66+0.45
pGy-h_l, and the neutral particle absorbed dose rate was
2.6740.16 uGyh'. Fig.14""! shows the radiation dose

Fig. 13 Lunar lander neutron and dosimetry equipment
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Fig. 14 Temporal evolution of the radiation environment on the Moon as measured by LND on CE-4.

(a) Total radiation dose rate, (b) radiation dose rate of neutral particles, (c) radiation dose rate of charged particles,

(d) penetrating flux of high-energy charged particles, and (e) ground measured neutron result
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measurement results obtained by LND from May
2019 to January 2021. It can be seen that the total radia-
tion dose rate and the change in the neutral particle radi-
ation dose rate are positively correlated with the flux of
the penetrating particles, which conforms to the cogni-
tion of space physics.

3 Summary and Outlook

After decades of struggle and development, China is
gradually becoming the international leader in space ex-
ploration. The CMSP has successfully implemented sev-
eral missions from Shenzhou-Ito Shenzhou-XI, Tian-
gong-I, Tiangong-1I, and the space station Tianhe core
module. The first two steps of the Three-Step Strategy of
the CMSP have been realized. The third step, i.e., con-
struction of the Chinese space station, has been initiated.
The space station Wentian experimental module I and
Mengtian experimental module II will also be launched
in 2022. The space station orbit construction is being
completed gradually. Fengyun series of meteorological
satellite data has been used in many fields such as
weather forecasting, climate prediction, environmental
monitoring, natural disaster warning, and scientific re-
search. It has made outstanding contributions to disaster
prevention and reduction, strengthening national econo-
my, national defense construction, and promoting the
economic development of many countries. The imple-
mentation of DSP has not only improved the Chinese
space exploration technology and scientific research le-
vel but also enhanced its position in the international
space community. China has now completed the mis-
sions of rounding, falling, and returning of the CLEP,
laying a solid foundation for its future exploration of the
moon and planets. Tianwen-1 successfully landed on
Mars, facilitating China’s leap from the Earth-Moon sys-
tem to interplanetary space exploration, which is a vital
step in interstellar exploration.

Chinese has made outstanding achievements in
space environmental exploration. We have gained rich
experience for more challenging deep space exploration
programs such as lunar, Mars, asteroid, and sun explo-
ration. From the perspective of the universe, the deep-
space environment detection path is obstructive and

long. Space environment exploration is the basis for im-
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proving the ability of aerospace engineers to adapt to the
space environment. Improving macro and micro detec-
tion capabilities, enhancing long-period multi-target de-
tection capabilities, and improving data transmission ca-
pabilities are the development trends of international
space environment detection payloads.
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