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Abstract
Pole-Aitken Basin on the far side of the Moon. On 4 January, the Yutu-2 rover was successfully separated from the

On 3 January 2019, the Chang’E-4 probe successfully landed in the Von Kérman crater in the South

lander and the scientific payloads were powered on to conduct scientific exploration. It was the first time that man-
made probe achieved soft landing and roving on the far side of the Moon. Based on the data obtained by scientific
payloads on the Chang’E-4, the research team obtained geological information such as landing area topography,
structure and composition; demonstrated the existence of deep materials—mainly olivine and low-calcium pyrox-
ene in the South Pole-Aitken Basin; achieved high-precision imaging of the layered structure of lunar subsurface in
the roving area; discovered carbonaceous spheroidal meteorite residues and impact glass; preliminarily revealed the
geological evolutionary history of the South Pole-Aitken Basin; for the first time, obtained information of the radia-
tion dose of energetic particles at the lunar surface and the structure of the lunar neutral atomic energy spectrum;
discovered the lunar mini-magnetosphere and contributed new knowledge of the radiation hazards at the lunar sur-
face. This article summarizes the latest scientific achievement from the Chang’E-4 mission over the past three

years.
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1 Chang’E-4 Mission Overview

The Chang’E-4 mission consists of three parts: the lan-
der, Yutu-2 rover and Queqiao relay satellite. On 3 Jan-
uary 2019, Chang’E-4 probe successfully landed in the
Von Kérmén crater in the South Pole-Aitken Basin on

the far side of the Moon. The exact landing position is

177.5991°E, 45.4446°S, and the elevation is about
-5935m" .

On 4 January, the Yutu-2 rover was successfully
separated from the lander and rolled onto the lunar sur-
face. The scientific payloads on board worked normally
and the data were effectively transmitted down. Until
May 2022, Chang’E-4 has worked on the lunar surface
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for 42 months and the rover has walked 1180 m
(Fig.1)?. It became the longest working probe on the
surface of the Moon.

Chang’E-4 has been in orbit for more than 3 years,
scientific research achievements have been continuously
produced, and summaries have been made in different
periods or on different topicsB_S].

1.1 Scientific Objectives of Chang’E-4 Mission
There were four scientific objectives for Chang’E-4 mis-
sion: (i) low-frequency radio astronomical study on the
lunar surface; (ii) shallow structure investigation at the
lunar far side of roving area; (iii) the topographic and the
mineralogical composition investigation for the lunar far
side of roving area; (iv) neutrons radiation dose and neu-
tral atoms study on lunar environment'”).

1.2 Scientific Payloads on Chang’E-4 Mission

To achieve the scientific objectives, there were nine sci-
entific payloads equipped on the Chang’E-4, four of
which were mounted on the lander.

(1) Landing Camera (LCAM). It turned on during
the decent phase while landing on the Moon and ob-
tained the lunar feature map and topographic map of the
landing area at each altitude from 2 km to 4 m.

(2) Terrain Camera (TCAM). It was installed on the
top of stand on the lander and obtained the optical im-
age of the landing site. The imaging distance was 5 m to c.
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(3) Low Frequency Spectrometer (LFS). It detec-
ted solar low-frequency radio features at 0.1 -80 MHz
during the lunar day.

(4) Lunar Lander Neutron & Dosimetry (LND). It
measured energetic particle radiation dose at the lunar
surface, particles in the Earth’s radiation belt, and sec-
ondary particles caused by galactic cosmic ray interac-
tions with the lunar surface.

There were four scientific payloads mounted on the
Yutu-2 rover.

(1) Panoramic Camera (PCAM). It was installed on
the top of the mast above the rover and the imaging dis-
tance was 3 m to co. As the rover moved and the mast ro-
tated, it could acquire 3D optical images of the lunar sur-
face in the survey area.

(2) Lunar Penetrating Radar (LPR). It had high-fre-
quency channel and low-frequency channel. While the
rover was moving, it could detect the deep surface struc-
ture and the internal structure and thickness of the lunar
soil along the rover’s roving route.

(3) Visible and Near-Infrared Imaging Spectrome-
ter (VNIS). It could obtain the spectrum of detection tar-
get at 450—2400 nm full band and the hyperspectral im-
age data at the band range of 450-950 nm.

(4) Advanced Small
(ASAN). It could measure neutral atoms produced by
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Route map of the Yutu-2 rover
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the interaction of the solar wind with the lunar surface,
including the lunar soil material sputtered by the solar
wind and the solar wind material scattered by the lunar
surface.

The Netherlands-China Low Frequency Explorer
Instrument (NCLE) on the communication relay satel-
lite. It could acquire the sky background radio survey
images at low-frequency bands for monitoring studies of
planetary radio emission changes.

1.3 Operation of Scientific Payloads

Landing Camera. It was turned on during the decent
phase and took pictures of the landing site. It just turned
on one time and lasted for 9 min. After a successful soft
landing on the Moon, the landing camera completed its
exploration mission.

Terrain Camera. It worked on the first lunar day af-
ter landing and turned on 46 times. It completed imag-
ing of low-frequency radio spectrometer antenna unlock-
ing process, dynamic photographing movement at X-
point and in-situ turning of the Rover, circling shooting
with —60° to +45° pitch angle and taking pictures of the
rover. While the lander entered the first lunar night, the
terrain camera completed its exploration mission.

Panoramic Camera. It took pictures of the lander
during the first lunar day and completed up-down cir-
cling shooting by color imaging during the second lunar
day. It was turned on to take pictures when the rover
drove to the detection point and it can be planned to take
multiple sets of panchromatic or color images at fixed
points when objects of interest occur.

LPR. It synchronously works while the rover is
moving every lunar day.

VNIS. Imaging or calibration can be taken when
the solar altitude angle is high around the lunar noon or
objects of interest occur. It detects the tarcting rut of the
rover and lunar soil, rocks and impact crater along the
way.

ASAN. It starts to work when the solar altitude an-
gle is high around the lunar noon or objects of interest
occur. Detection modes include high voltage mode and
ion mode.

LFS. It started to work at lunar noon to detect low-
frequency signals from space.

LND. It chooses the opportunity to start working
when the probe awakes in the lunar day. It can work dur-
ing the whole lunar day.

2 Scientific Achievement of
Chang’E-4

2.1 Topography of the Landing and Roving Area
2.1.1 Topography and Impact Crater Features

The major impact craters in the Von Karman region in-
clude the Von Karman M impact crater, the Von Kar-
man impact crater, the Leibnitz impact crater, the Fin-
sen impact crater, the Alder impact crater, and the Von
Karman L and L’ impact craters. The Von Karman im-
pact crater is located within a magnesite ring unit in the
northwestern South Pole-Aitken Basin, and was flooded
by one or more lunar mare basalt, after which ejecta
from numerous impact craters in the surrounding area
was ejected into its interior. The crater floor was modi-
fied by geologic processes such as impact ejecta, volcan-
ism, and tectonic movement. A 5 cm resolution DEM
covering 380 mx390 m was produced by panoramic
stereoscopic images, revealing that the overall topogra-
phy of the Von Karméan impact crater in the landing area
is high in the northeast and low in the southwest, with
wavy undulations in the southeast to northwest direc-
tions (Fig.2)[7]. At the 100 m baseline, the overall bot-
tom of the Von Kérman impact crater is very flat, with a
local slope of about 10°; at the 10 m baseline, the two-
way slope near the landing site varies considerably, and
the maximum slope in and around some impact craters
can be greater than 20°; at the meter and tens of meters
baselines, the two-way slope of the landing area is simi-
lar to that of the lunar mare (2.O°f3.4°)[87'0].

The basalt plain is covered with a large number of
secondary craters formed by younger impact craters.
Among them, the secondary crater formed by the Finsen
impact crater from the east side of the Von Kéarman im-
pact crater has the most prominent influence on the to-
pography of the landing site and the Yutu-2 roving
route, and it is an important part of controlling the re-
gional geomorphology. The secondary crater of the Fin-
sen impact crater is significantly degraded and appears
as a discrete linear depression and bulge in the topo-
graphic landscape. Using LROC NAC orthophotogra-
phy, panoramic camera images, and 1cm resolution
DEMs, 4333 impact craters of 100 m or larger were ex-
tracted within the entire landing area (2.4°x1°, 51 kmx
30 km), 11787 impact craters were extracted in the area
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Fig.2 Comparison of crater depth-to-diameter ratios between (a) small craters (>0.1 m) at Chang’E-4 landing site; and (b)

large craters (>1 km) in the SPA basin; (c) box-and-whisker plot of crater depth-to-diameter ratios

of 3.2 kmx3.0 km from the landing site, 738 impact cra-
ters of meter to sub-meter scale were extracted within
60 m from the camera, and 1023 impact craters of diam-
eter larger than 10 cm were identified along the Yutu-
2 roving route. Within 60 m, 738 impact craters of me-
ter to sub-meter scale were extracted, 1023 impact cra-
ters with diameters larger than 10 cm were identified
within 50 mx50 m of the landing site, and some fresh
impact craters with diameters ranging from < 1 m to 3 m
were scattered along the Yutu-2 roving route. The rela-
tionship between depth and diameter of impact craters
has a good consistency, but the distribution of depth-di-
ameter ratios is scattered, and the depth-diameter ratios
of small impact craters at 10 cm scale are significantly
smaller than those of kilometer-scale impact craters, in-
dicating the inclusion of impact craters at different
degradation stages and indicating the unique process of

. L o [7,11-14
small impact crater formation in mature lunar soils! !

2.1.2 Characteristics of the Impact Ejecta

The thickness of the ejecta covered by the landing area is
about 60—70 m, with the uppermost NE-SW distributed
linear ejecta from Finsen Crater superimposed on the
SE-NW ejecta from Adler Crater, and the thickness of
ejecta from Finsen and Adler Craters at the landing site
is about 30 m and 35 m, respectively (Fig.3)[15]. The cu-
mulative thickness of ejecta is consistent with the differ-
ence in elevation between the landing site and the basalts
at the base of the Von Karman crater'”. The Finsen im-
pact crater formed a large string of secondary craters on
the lunar mare basalt at the base of both the Von Karman
and Leibniz impact craters, and the secondary craters are
extremely well preserved on the lunar mare at the base
of the Leibniz impact crater with well-defined crater
rims, while the secondary craters of Finsen craters are
highly degraded on the lunar mare at the base of the Von

Kérman impact craters. Two profiles of ejecta, detected
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Fig.3 SLDEMZ2015 and topographic profiles of the context of the Chang’E-4 landing site

by LPR, from a small fresh impact crater show that the
ejecta is not the dense rocks excavated by the impact,
but the loose lunar soil closed by instantaneous pore clo-
sure under the impact effect. The study suggests that the
lunar mare basalts at the base of the Von Karman im-
pact crater may have been filled with large amounts of
loose impact ejecta prior to the formation of the Finsen
impact crater, resulting in a smaller initial topography
and faster degradation rate in the subsequently superim-

posed Finsen secondary crater here, indicative of a more

ancient subsurface source of material'®.

2.1.3 Characteristics of Lunar Soil and Gravel
Using the LPR high-frequency channel data and the
three-dimensional velocity tracking method, the dielec-
tric constant of the material in the depth below the lunar
rover path down to 50 m was obtained and found to be
similar to that of typical lunar soil material. The average
value of the estimated dielectric constant from the lunar
surface down to 4 cm is about 3.11 £+ 0.085, and there

are about 93 locations with dielectric constants larger
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than 4, indicating high-density non-lunar soil character-
istics (Fig.4)[17]. The estimated loss angle tangent of the
high-frequency LPR within about 400 ns is about 0.005,
indicating that the dielectric properties of the material in
the surface layer larger than 40 m are similar to those of
typical lunar soil material. The overall rock abundance
in the Chang’E-4 landing area is very low, about 0.21%,
which is typical characteristics of mature lunar soil. In
the vertical profile, the thickness of lunar soil on the rov-
ing route is about 12 m. The average particle size of lu-

nar soil material increases with depth, indicating that the
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lunar soil production rate at the landing site may be
much larger than the normal lunar soil production rate
on the lunar surface. The high maturity of the lunar soil
at the landing site revealed by the rover traces, reveals
the relative influence of local topography and spatial
weathering rate on the strength of the lunar soil. It is be-
lieved that the high dielectric constant region in the ma-
ture lunar soil is caused by surface exposure or buried
rocks, and the distribution of lunar surface rock frag-

ments provides new clues to decipher the formation and
16-22]

evolution of lunar soil”
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2.2 Deep Material and Material Composition
of the Landing Region
2.2.1 Luminosity, Thermal Radiation
Characteristics and Space Weathering
of Lunar Soil in the Landing Region
An in-situ photometric experiment was conducted by
using VNIS on the same region of the lunar surface dur-
ing the tenth lunar day, and the spectra of the same tar-
get were successfully obtained under the conditions of
different observational geometric angles of solar alti-
tude and orientation (see Fig.S)m]. It was found that the
quality of the spectral data gradually decreases as the so-
lar altitude angle decreases, which affects the accuracy
of the inversion of the composition of the materials'* %),

VNIS measured a series of spectra from the same
region of the lunar surface and at different moments of
the same lunar day to further confirm the lifting charac-
teristics of the reflected spectra after 2 pm under high
temperature conditions at the lunar surface, and the re-
sults show that the thermal contribution in the reflected
spectra significantly increases the pyroxene and/or glass
abundance at the landing site surface temperature of
3468 K from 14:28to 14:41 lunar local time (see
Fig.6)””. The thermal contribution in the reflectance
spectra significantly increases the estimation error of py-
roxene and/or glass abundance, and the thermal radia-
tive character is found to be significantly influenced by
the microscale roughness in addition to the material
composition[27].

Based on the maximum similarity between the sim-
ulated spectra and the in-situ measured spectra of Yutu-
2, it is estimated that the sub-microscopic Fe content of
the lunar soil in the Chang’E-4 landing region is about
(0.32+0.06) wt.% and the FeO content is about (12.6+
0.6) wt.%. The calculation shows that the maturity of the
lunar soil in the landing region is 82415, which indi-
cates that the lunar soil in the Chang’E-4 landing region,
mainly originating from the Finsen impact crater ejecta,
is highly likely to be mature lunar soil'"™. Tt indicates
that the rapid formation process of lunar soil in the
Chang’E-4 landing region adequately mixed the most
surficial of highly mature lunar soil, which is consistent
with the geological background that the landing region
has experienced more than 3 billion years of space

weathering.

2.2.2 Characteristics of deep Material Composition
and Distribution in the Landing Region

Von Karman crater is predominantly flooded by low-Ti
basalts (1.5 wt.%—-3 wt.% TiO,), rich in clinopyroxene
and low in olivine. The basalts are affected by ejecta from
the Finsen crater, with obvious compositional hetero-
geneity and lower FeO (content compared to the lunar
mare basaltic samples). Local basalts not affected by the
Finsen crater ejecta were excavated by the Zhinyu crater
lying in the west of the landing site. The composition of
the basalt varies with depth, suggesting Von Karman
crater has experienced at least three lava flooding events,
and thus has formed three basaltic layers. The relatively
homogeneous Mg values, ie. Mg/(FetMg), of the
olivine among the three basaltic layers suggest that the
source of the three mare basalts may have similar com-
positions or may be from a magma chamber where the
melt composition evolved over time. The non-mare ma-
terials from craters such as Finsen have a different com-
position, with the central peaks characterized by an Mg-
rich, low-Ca pyroxene composition, and the crater walls
and their ejecta by relatively Fe/Ca-rich pyroxene com-
positions. These characteristics are consistent with the
mineralogies of the pyroxene-bearing zone and composi-
tional anomaly zone in the South Pole-Aitken Basin"".

The analysis of infrared spectral data by spectral
parameter analysis, spectral unmixing, and spectral
matching indicates that the different exploration targets
on the Yutu-2 rover roving route may have inhomoge-
neous material composition, and various rock types such
as plagioclase, saprolite/gabbro have been identified, re-
vealing the mixing degree of different source reservoirs
from Von Karméan basalt, South Pole-Aitken impact
melt, lunar mantle material, and crustal source ejecta
material >,

The interpretation results of the spectra of the first
two detection points of the first lunar day, by using the
modified Gaussian model, show that the detection target
has the highest olivine content, followed by low-calcite
pyroxene and the least high-calcite pyroxene. The rela-
tive content ratios of olivine, low-calcite pyroxene and
high-calcite pyroxene minerals of the two detection
points are 48:42:10 and 55:38:7, respectively[zgl. The
matching results of the spectral lookup table built based
on the Hapke radiative transfer model found that the de-
tection targets of the first two lunar days had a high con-
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Fig. 5 Spectrophotometric measurements of lunar regolith by the Yutu-2 rover
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Fig. 6 Temperature at the Chang’E-4 landing site

tent of plagioclase, about 60%, and a low content of
. . . [30] ..

magnesian-irony minerals” . Empirical model calcula-

tions based on Apollo samples found that the lunar soil

targets of the first three lunar days generally contain

close to 60% of clastic agglomerates and fewer magne-
sian and iron minerals such as olivine, which is consis-
tent with the landing region having undergone a longer
period of space weathering[3l]. The analysis based on the
combination of spectral parameters such as absorption
position and band area ratio reveals that the target spec-
tra of the first three months of diurnal loam are dominat-
ed by olivine and pyroxene features, and the pyroxene
minerals are dominated by monoclinic pyroxene with a
composition between high and low calcium pyroxene,
and this pyroxene composition is consistent with the
rapid cooling crystallization of the magma[sz].

The Yutu-2 lunar rover carried out the first spectro-
scopic detection of the rock target on the third lunar day,
and the fitting results of the modified Gaussian model
indicated that the magnesium-rich olivine and magne-
sium-rich plagioclase minerals in the rock were essen-
tially equivalentm . Analysis based on the Hapke ra-
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diative transfer model finds that the clasts contain about
48% plagioclase, about 38% low-calcium pyroxene, and
about 14% olivine, corresponding to olivine-bearing tha-

lassic rocks'"

. The clasts have a moderately fine-
grained structure and are unlikely to be plutonic rocks,
but are consistent with the rapid crystallization condi-
tions of magma lakes formed by the South Pole-Aitken
Basin impact”'. The match results between the stone
spectra and the spectra of lunar rocks and lunar mete-
orites in the NASA RELAB database indicate that the
stone is enriched in plagioclase minerals (60% —80%),
probably from the ejecta of the Zhinyu impact crater B3,

The combination of Hapke model and sparse un-
mixing algorithm was used to obtain the mineral content
and chemical composition information of detection tar-
gets in the first 21 lunar days. The mineral composition
is dominated by plagioclase, followed by pyroxene and
little olivine, which corresponds to the mineralogical
characteristics of norite/gabbro, and the content of low-
calcium pyroxene exceeds that of high-calcium pyrox-
ene in most of the detection targets. In terms of chemi-
cal composition, FeO content varies widely (7.42 wt.%—
18.82 wt.%), TiO, content is generally low (1.48 wt.%—
2.1 wt.%), while Mg values are low-medium (Mg# about
553637

Synthesizing the results of existing in situ spectra
of the Chang’E-4 landing and roving region, most stud-
ies suggest that the main mineral in the area is plagio-
clase, followed by pyroxene (more low-calcium pyrox-
ene than high-calcium pyroxene), and less olivine. The
material composition and rock structure characteristics
suggest that the South Pole-Aitken Basin basement is
likely not a single genesis of material such as primitive
deep lunar material exposed by simple excavation or dif-
ferentiated crystallization in impact melt lakes, but a
mixture of multiple sources, indicating the complexity of
the South Pole-Aitken Basin composition and geologi-
cal processes.
2.2.3 Discovery of Impact Remnants and Impact

Glass from Carbonaceous Chondrite

During the 8th and 9th lunar days of the mission’s oper-
ation, the rover approached a small fresh impact crater
and discovered some mysterious “glassy” materials
around the center (Fig.7)[38]. The spectral analysis of this
“glassy” material shows that it is similar to the Apollo
impact melt breccias 70019 and 15546"". The detailed

spectral analysis shows that the material contains a large
amount of impact glass, which might be formed from
another larger impact crater, suggesting that the lunar
soil is evolving and maturing in the process of repeated
impact smashing and welding into rock. This provides a
new perspective to understand the formation mechanism
of lunar soil™”. The comparison with the spectra of a
large number of carbonaceous chondrites shows that the

“glassy” material has a high spectral similarity with the
carbonaceous meteorite. The quantitative unmixing ana-
lysis using the radiative transfer model shows that the
carbonaceous chondrite component in the “glassy” ma-
terial is over 40 wt.%. The formation age of this small
impact crater estimated based on impact crater degrada-
tion models suggest that the crater should have formed
within one million years ago. Similar carbonaceous
chondrite remnants may be common on the lunar sur-
facel®).

Several centimeter-diameter translucent glass sphe-
res were found on the moon. It is the first international
discovery of hand specimen-sized, translucent, lunar
glass spheres. Analysis revealed that the glass spheres
are not the direct landing products of lunar volcanic ac-
tivity or foreign impactors, but impact glass of special
composition (Fig.8)[40], which may be a common materi-
al of lunar soil on the lunar highland. These findings
have important implications for demonstrating that far
impact glasses are inherent products of impact events on
Earth-like objects, for inversion of the early impact his-
tory of the inner solar system, and for impact mechanics
studies'*”).

2.3 Subsurface Structure of Landing

and Roving Region

The LPR high-frequency channel reveals structural in-
formation at depths larger than 40 m below the lunar
surface of the roving route, divided into three main geo-
logical units (Fig.9)[2o]. The first layer, about 0—12 m, is
a layer of fine-grained lunar soil, with most of the mate-
rial grain size less than 1 cm and fewer stones inside; the
second layer, about 12—-20 m, is a layer of ejecta mixed
with fine-grained lunar soil and broken stones, in which
a large number of stones are interspersed; the third layer,
about 20—45 m, consists of discontinuous interlayer ma-
terial with large differences in echo signals, showing al-
ternating superposition of coarse-grained and fine-
grained material. Studies by multiple teams have cross-
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Fig. 7 Images and reflectance spectra of the targeted small crater

checked these three subsurface structures, but there are
large differences in the upper and lower boundaries of
each material layer and their source interpretations, re-
flecting the complex geological history of the younger
lunar geological units!'® 2% 4,

The LPR low-frequency channel penetrates to a
depth more than 400 m below the lunar surface, and the
radar echo signal reveals at least three layers of deep

U1 In terms of

(>40 m) subsurface structures (Fig.10)
specific stratification and source interpretation, different
interpretations have been obtained according to differ-
ent data analysis methods and geological perspectives,
and the main difference lies in the understanding of the
source of the material within the surface layer to 100 m.
Some views suggest that the material in this layer is
mainly ejecta from different impact craters; other views
suggest that the material at depth more than 40 m is
mainly lunar mare basalt with some volcanic debris de-
posits interspersed by less late perturbations; some views
also suggest that it is a spurious signal from LPR system

. 42,46, 47,50
itselft 1

2.4 Lunar Surface Environment after Chang’E-4
2.4.1 Particle Radiation Environment on
the Moon Surface

The analysis of the observational data obtained by LND
during two lunar days from January to February
2019 shows that the particle radiation dose rate at the lu-
nar surface is 13.2 uGy'h’1 (Si), of which the radiation
dose rate of neutral particles (neutrons and gamma rays)
is 3.1 pGy-h™' (Si), accounting for about 23% of the to-
tal, with a quality factor of 4.32 and a dose equivalent of
about 60 pSv-h ™' (Fig.11)"""). There are significant dif-
ferences between the cosmic ray energy spectra mea-
sured by LND, especially the proton energy spectrum,
and the predictions given by the widely used CREME
models: the mean values of the flux ratios between LND
and the CREME96 and CREME2009 models reach 1.69 +
0.17 and 2.25 £ 0.23, respectively, which provide strong
constraints on the improvement of the CREME models,
and the cosmic ray energy spectrum also provides tests
and constraints for other related theoretical models. Ob-

servations data of LND over the 2-year period from Ja-
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Fig. 8 Centimeter-sized glass globules collected by the Apollo 16 missions (a) (b) and those observed by
the Chang’E-4 mission (c) (d). Note that the Apollo 16 mission was landed in the lunar highland,

but the landing region was dominated by distal ejecta from the nearside. (e) (f) The two globules are accompanied

by similar-sized fragments excavated by fresh impact craters nearby

nuary 2019 to December 2020 show that the average to-
tal absorbed dose rate of lunar surface particle radiation
in silicon is 12.66 + 0.45 p.Gy~h71 and the absorbed dose
rate of neutral particles is 2.67 + 0.16 uGy~h_1. The radi-
ation dose rate shows a slow decrease with time over the
2-year period, while the change in the LET spectrum is
small®' 4,

Observations by LND also confirm the morning
and evening symmetry of the cosmic ray fluxes. Extrac-
tion of the *He/*He flux ratio reveals a significant en-
hancement at about 12 MeV/nuclei and a very signifi-
cant difference between the “He/*He flux ratio values
measured by LND and the predictions given by the
GALPROP model, providing strong constraints on the
GALPROP model as well as other related theoretical
models”,

On 6 May 2019, LND detected the first SEP event
on the far side of the Moon. This event with a very small
peak flux and short duration, is a typical impulsive solar
energetic particle event (impulsive SEPs). Both elec-
trons and protons were found to exhibit a good velocity
dispersion distribution, showing that the time of particle
release from the acceleration region is one hour earlier
for electrons than for protons (Fig.12)""". Further analy-
sis reveals that the energy inflection point is about

2.5 MeV and originates from an M1.0 class flare™.
2.4.2 Interaction of the Solar Wind
with the Moon

The observation results of ASAN show that the hydro-
gen ENA energy spectrum is in good agreement with the
large-scale observations of Chandrayaan-1 and IBEX
when the energy is higher than the solar wind ion ener-
gy above 0.1 Eg,, while the hydrogen ENA fluxes mea-
sured by ASAN are higher than the results of Chan-
drayaan-1 and IBEX when the energy is lower than 0.1
Esw[57]. The component above 0.1 Ej, is mainly hydro-
gen ENA generated by the backscattering of solar wind
ions, and the component below this energy is mainly
ENA from the sputtering of lunar surface material®” ",

Analysis of the ENA energy spectrum from Ja-
nuary 2019 to October 2020 reveals that the ENA differ-
ential fluxes on the dawnside are higher than those on
the dusk side during most lunar days, and the ENA dif-
ferential fluxes in different energy ranges on the dawn-
side and duskside are positively correlated with solar
wind state parameters such as flux, density, and dyna-
mic pressure. The cutoff energy and temperature of ENA
on the duskside are lower than those on the dawnside
under the same energy solar wind bombardment”™”, sug-
gesting that the solar wind on the duskside may be af-
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Fig. 9 LPR data at 500 MHz. (a) LPR 500-MHz radargram represented in standard seismic colors after
applying Dewow, background subtraction, and Spherical and Exponential Compensation (SEC) gain and migration.
(b) Tomographic reconstruction of the radar data, where red represents high reflectivity and blue is
low reflectivity. (c) Schematic of the stratigraphic sequence highlighting the contacts between units and

the relevant thicknesses based on the radargram and the tomographic reconstruction

fected by the lunar micro-magnetosphere and slowed  2.4.3 First Observation of the Lunar Mini-
down by the electrostatic field above the magnetic magnetosphere on the Lunar Surface

anomaly, resulting in a narrower energy spectrum and  The landing site of Chang’E-4 is located at the eastern

[59]

lower temperature edge of the mare imbrium antipodal region, the largest
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Fig. 10 Low-frequency LPR profile along the track of the Yutu-2 rover

magnetic anomaly of the Moon. When Chang’E-4 is
downstream of the magnetic anomaly (duskside), the
overall particle flux measured by the neutral atom detec-
tor is lower than that measured when it is upstream of
the magnetic anomaly (dawnside)'®”. Combined with
global Hall MHD simulations, it is confirmed that the lu-
nar mini-magnetosphere is responsible for the flux dif-
ference, and the effect of the micro-magnetosphere on
the solar wind is mainly deflection and deceleration,
rather than complete blockage of the solar wind, with an
average blockage efficiency of about 50%""),

2.5 Lunar Low-frequency Radio Observations

The relay communication satellite and the lander of

Chang’E-4 mission separately carry two science pay-
loads, NCLE and LFS. Their objectives are exploring
the electromagnetic wave radiation environment on the
far side of the Moon and in lunar space, detecting solar
HF-VHEF band bursts during peak solar activity years.
Since the lander of Chang’E-4 is the backup model
of the Chang’E-3 lander, the electromagnetic shielding
design specifically for low-frequency radio observation
cannot be carried out, and the noise from the probe plat-
form brings serious impact on low-frequency radio ob-

)[61]. When designing the instrument, a

servation (Fig.13
short antenna was added and a pair-cancellation algo-

rithm was used to reduce the detector background noise,
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Fig. 12 Velocity dispersion analysis of the SEPs on 6 May 2019 (electrons shown in the left and protons shown in the right

panel). Wind and ACE electron data are used to determine the electron release time

however this could not be completely climinated™".
Therefore, a thematic assessment of the achievability of
the scientific goal of low-frequency radio detection was
conducted, and concluded that when the solar flux densi-
ty is less than 10" W-m>-Hz ', the low-frequency ra-

dio spectrometer cannot detect the solar low-frequency
radio radiation; When the flux density of the solar burst
is greater than 10" W-m>-Hz ', the solar low-frequen-
cy radio radiation can be detected in 100 kHz to 8 MHz;
When the peak flux density of the solar burst is greater
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Fig. 13 Radio emission levels on surface of the Moon

than 10'° W-m **Hz ',
diation can be detected in the full frequency band from
100 kHz to 40 MHz.

LFS has worked 41 lunar days for scientific obser-

the solar low-frequency radio ra-

vations. Tests confirm the noise deduction effect is basi-
cally consistent with the ground test. A three-antenna
spectrum is generated by using detection data, so it is
known that LFS can obtain radio phenomena similar to
the solar burst, and data processing methods for cosmic
background radiation and other stable spectral signal are
also effective!®. Unfortunately, no significant scientific

phenomena have been found so far.

3 Future Prospects

At present, the lander and rover of Chang’E-4 have been
working normally on the far side of the Moon for more
than 3 years. All systems are working normally. Yutu-
2 lunar rover is walking to the northwest direction, and
plans to detect the lunar mare basalt area with thin ejec-
ta coverage. Currently, the rover has travelled about
1.1 km. The Chang’E-4 mission has demonstrated the
high richness and complexity of lunar geological pro-
cesses over a longer roving route. Although the current
scientific understanding is still controversial for the in-
terpretation of some phenomena, it is still expected to
further reveal the evolution of the surface topography
and geological structure of the landing region in three di-

mensions, providing a basis for comparison to correct
and constrain the existing geological interpretation.
2021-2024 are solar maximum years, and the LFS/NCLE
is expected to have the opportunity to obtain solar burst
detection results.

In 2021, Phase IV of China’s lunar exploration
project was kicked-off. Taking advantage of a long peri-
od of continuous solar illumination at the lunar south
pole, different detection means such as orbiting and re-
mote sensing, landing and in-situ detection, roving, leap-
ing and sampling can be used on the following subjects:
(i) detection of volatiles in the lunar south pole and dis-
tribution and storage of water in lunar soil in permanent
shadow area; (ii) assessment of fugacity, content, distri-
bution and origin of lunar water; (iii) in-situ utilization
experiments of lunar rare gas and other resources; (iv) in-
depth exploration of the lunar space environment, deep
material, internal structure; (v) obserbvation on earth
and astronomical objects from the moon as a platform;
(vi) experiments in the micro-enclosed terrestrial ecosys-
tems under the lunar surface environment. Basic model
of the lunar research station will be established to carry
out large-scale, full-scale, long-period scientific observa-
tions and researches, to gain scientific understanding.
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