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A B S T R A C T   

Volatiles including water on the Moon has been one of the most interesting scientific objects for decades. In this 
study, we systematically introduced a concept for China’s Chang’E− 7 (CE-7) lunar polar exploration mission 
which consists of five elements, the orbiter, lander, rover, and leaper, and one relay satellite. The orbiter will 
provide a high-resolution image preparing for landing site selection. We also proposed three phases for in-situ 
investigation after landing. (1) The rover and leaper will jointly investigate the sunlit area; (2) the leaper will 
explore cold traps; and (3) the leaper will fly back to the sunlit area and continue an extended exploration 
mission. An experimental penetrator launched by the lander will penetrate permanently shadowed crater walls 
for water ice detection. Data will be transmitted to Earth through the relay satellite due to the limited Earth 
visibility. We also calculated the illumination rate within a 15 × 15 km area that partially covers the Shackleton 
crater at a high spatial resolution of 20 m/pixel during lunar southern summer. Specifically, we compared two 
potential landing sites with accumulated illumination at different altitude levels, slopes, and distances to the 
target. We found that one part of the Shackleton crater rim can be a primary landing site for CE-7’s both sunlit 
areas and cold trap explorations.   

1. Introduction 

Lunar polar regions are one of the favorite exploration targets not 
only because no sample has yet been returned but also because of the 
likelihood of cold-trapped volatiles including water ice at permanently 
shadowed regions (PSRs). Unlike mid-low latitudes, the illumination 
conditions and thermal environment become complex at both poles due 
to the small tilt of the lunar rotation axis (1.54◦) concerning the ecliptic 
[1–3]. Full knowledge of the polar illumination conditions including 
perpetual/seasonal shadows and sunlit areas not only helps to inform 
scientific interests but also plays a part in engineering design for future 
polar exploration missions. One effective method of determining the 
lunar polar illumination conditions and identifying extreme insolation 
locations is to simulate the time-dependent, particularly seasonal 
shadows and sunlit areas [4], which is important to the future landing 

site selection, solar power utilization, and the traverse design. 
The most directed approach for retrieving lunar polar illumination 

conditions is analyzing orbital images for certain areas. Bussey et al. [5] 
analyzed the lunar polar images obtained from the Clementine mission, 
however, the short mission lifetime (71 days) limited the investigation 
of illumination. Based on the long lifespan of the Lunar Reconnaissance 
Orbiter (LRO), Speyerer and Robinson [6] investigated lunar polar 
illumination conditions for a period of one year based on 7800 Lunar 
Reconnaissance Orbiter Camera Wide Angle Camera images. However, 
the determined one-year illumination cannot be exactly applied to any 
other period due to the lunar precession, such as a future lunar polar 
exploration mission. 

Compared to image analysis, the illumination conditions can also be 
simulated using a digital terrain model (DTM) for any period. Based on 
the Earth-based radar-derived polar topography with 150 m spatial 
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resolution and 50 m height resolution, Margot et al. [7] used the 
ray-tracing method to simulate the illumination conditions at both 
poles. Noda et al. [8] used the first complete lunar polar topography 
with a resolution of 470 m derived from the Laser Altimeter (LALT) 
onboard the Japanese KAGUYA mission and employed the ray-tracing 
method to simulate illumination conditions over one lunar precession 
period for both poles. Later, Bussey et al. [9] performed a similar 
simulation with a slightly improved LALT DTM but at the same 
resolution. 

Based on high-resolution altimetry data obtained by LRO Lunar 
Orbiter Laser Altimeter (LOLA), Mazarico et al. [10] used the 240 m 
digital elevation model (DEM) and combined the horizon method to 
simulate the lunar polar illumination conditions with significantly 
increased spatial and temporal extent. De Rosa et al. [11] used a similar 
approach but with a resolution of up to 40 m/pixel to simulate illumi
nation conditions at several specific sites of the lunar south pole for 
future European Space Agency’s lunar lander mission. Based on the 
geometrically adjusted 20 m/pixel DTM from LOLA, Gläser et al. [12] 
investigated the illumination conditions of a 20 × 20 km region in detail 
for future landing missions. Later, Gläser et al. [13] generated a north 
polar LOLA DTM and improved the south polar LOLA DTMs, and iden
tified a total of six potential exploration sites near both poles based on 
illumination simulations. They also found that a supposed 2 m structural 
height of a lander has higher levels of average illumination than that on 
the ground. Recently, Barker et al. [14] improved the LOLA elevation 
maps up to 5 m/pixel of four high-priority lunar south pole landing sites, 
and discussed in detail the effect of surface height uncertainty on illu
mination conditions. 

2. Chang’E¡7 mission concept for polar exploration 

2.1. Mission concept design 

China has announced an unmanned Chang’E− 7 (CE-7) mission to 
explore the Moon’s south pole between 2024 and 2026. One of the CE- 
7’s scientific goals is to investigate volatiles in polar regions, especially 
for water ice at cold traps. Here, we propose a concept of mission design 
that includes five elements, the orbiter, lander, rover, leaper, and one 
relay satellite. We also propose an in-situ investigation with three phases 
after landing. In phase I, the rover and leaper will jointly investigate the 
sunlit area. In phase II, the leaper will explore the targeted PSRs as well 
as with an experimental penetrator. In phase III, the leaper will return to 
the sunlit area and continue the geological investigation under an 
extended mission. These three phases of in-situ exploration will be 
introduced in detail in the following context. Note that the mission 
definition and spacecraft configurations have been accepted but the 
design of each module is still under development. 

The relay satellite. The previous study shows that the visibility of 
the Earth is an important parameter to determine whether a position is 
favorable for a landing site [10,12]. In addition, if the landing site is 
located on the far side of the Moon, communication with Earth cannot 
be direct either. To minimize the engineering risk but maximize the 
landing site selection, we propose a relay satellite for communication 
and data transmission due to the limited Earth visibility. An inclined 
elliptical lunar orbit with a frozen eccentricity will provide a long period 
of communication with the mission element during two-thirds of its 
orbit period. In addition, scientific payloads aboard the satellite can also 
carry out high-resolution observations of the Earth’s magnetotail, radio 
astrometry, and other exploration missions [15], which weigh a total 
mass of about 450 kg. 

The orbiter. The orbiter also consists of several advanced payloads 
that can provide high-resolution images of the lunar south pole and 
spectral analysis of surface composition in the sunlit area [15], which is 
crucial for landing site selection. For example, an interferometry SAR 
(InSAR) aboard the orbiter will obtain high-resolution images for the 
evaluation of landing site selection. This will provide detailed surface 

information including exposed rocks/boulders, and meter-scale craters 
for the leaper’s landing site selection at permanently shadowed craters. 
Importantly, the orbiter will also investigate the potential hydrogen/
water distribution at targeted PSRs, which provides detailed information 
for the leaper’s exploration. 

The lander. The lander carries two probes, the rover, and the leaper, 
which are combined during orbiting the Moon. After landing, the lander 
will explore the surrounding environment using solar power, for 
example, the lunar seismic activity [15]. In addition, the lander carries 
an experimental payload, the penetrator, which will be launched to 
penetrate the regolith at a speed of 100 m/s and to a depth of at least 1 m 
at the permanently shadowed crater wall. The sensors integrated inside 
the penetrator can provide additional information such as mechanical, 
electrical, and thermal properties of the regolith of cold traps, which the 
leaper cannot reach due to engineering risks. The experimental data of 
the penetrator will be sent to the relay satellite at X-band directly. The 
penetrator is designed to be powered by a solid-propellant rocket engine 
that weighs a total mass of 20 kg with a dimension of 1 m in length and 
90 mm in diameter. It is worth noting that the lander is designed for a 
long-term geological investigation and space environment observations 
of no less than 8 years. 

The rover. The rover will also be released to the lunar surface with 
the assistance of a transfer mechanism. It is also designed to operate in 
sunlit areas for a period of 8 years. Fig. 1 illustrates that the rover is 
equipped with a robotic arm, a short drill, and a microvolume sampler 
which is mounted at the end of the drill. Thus, the rover can work in two 
kinds of modes: wide-area multi-point sampling mode and longitudinal 
multi-point sampling mode. Under the control of the robotic arm, the 
short auger can drill the regolith at different depths, while the micro
volume sampler can collect drilling cuttings at the milligram level. The 
samples are then transferred to the lunar volatiles meter which is 
installed inside the rover body for further analysis. Notably, the lunar 
volatiles meter is newly designed, which can detect H2, H2O, CO2, Ar, 
NH3, CH4, etc. With a mass resolution of <1 AMU, an analysis range of 
2–150 AMU, and measurement accuracy of about 1%. In addition, the 
rover will also be equipped with a suite of instruments, i.e., a Raman 
spectrometer, a lunar penetrating radar, and a lunar surface magne
tometer to investigate the landing site area for mineral composition, 
subsurface structure, and magnetic field [15]. The mass budget of the 
rover weighs about 140 kg which consumes less than 200 W. The 
operation and functionality of the rover are powered by solar energy, 
which requires 300 Watts for traveling and 270 Watts for drilling. 
However, the heat preservation of the rover is maintained by atomic 
power. To accomplish a wide area exploration goal, the rover is capable 
of traveling with a maximum speed of 200 m/h and a gradeability of 15◦. 
This will provide a basic rule for landing site selection and path 
planning. 

The leaper. The leaper is released from the top of the lander which 
has two movement modes: jumping and walking. The jumping mode will 
be enabled by the unsymmetrical dimethylhydrazine-fueled engine, 
which makes the leaper reach a longer distance (more than 30 km in a 
round trip) and an interesting target possible, for example, the bottom of 
the permanently shadowed crater. The walking mode is powered by 
solar energy. Once landed, the leaper can move by walking legs, which 
can avoid the engine plume contamination area. Similarly, the leaper 
will work at cold traps in two modes: wide-area multi-point sampling 
mode and longitudinal multi-point sampling mode. The total mass 
budget of the leaper is about 400 kg which includes a ground mapping 
radar for landing site selection in shadowed craters. As illustrated in 
Fig. 2, the leaper is equipped with a drilling and sampling device, which 
is enhanced with rotary and percussive drilling ability to break up po
tential icy layers/blocks. The leaper can sample and analyze with 
equipped lunar water molecule analyzer [15] at different locations 
under walking mode. The water molecule analyzer is also newly 
designed to detect water signatures at PSRs with an analysis capability 
of <100 AMU and a high signal-to-noise ratio of 1000. The detection 
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limit of the water ice in the drilled sample is 0.1 wt%. Once the sampling 
mission is completed, the leaper will fly back to the sunlit area and carry 
out an extended exploration mission. Note that the scientific mission of 
the leaper is designed for a few months which includes no more than 10 
h of operation in cold traps. Considering the limited time of investiga
tion in PSRs and possible extreme topography, the leaper is capable of 
“walking” at a speed of 12 m/min and climbing a maximum slope of 30◦. 
That is, the leaper can move ~6.5 km within 9 h if not considering 
sampling time, which is approximate to the size of the Shackleton floor. 

2.2. A case study of potential exploration target: shackleton crater 

The position with a high illumination rate and lower slope makes it 
possible to design a long-duration landing mission with sustainable solar 
power and conventional thermal control systems of the lander and rover 
[11]. Both optical observations and illumination simulations show that 
high mountains and crater rims near both polar regions present rela
tively long continuous lighting environments. These regions can be the 
primary favored target landing sites of the CE-7 mission, while the 
illumination conditions at specific locations need to be evaluated based 
on the planned mission period. Shackleton crater (89.655◦S, 129.2◦E) is 
one of the prime targets for future polar exploration not only because of 
its large area of permanent shadows (232 km2 [10]) within the crater 
which can trap volatiles [16], but also its persistent access to solar en
ergy along the rim and/or nearby ridges [6,8]. In addition, it appears to 
be rough at Shackleton’s crater wall on the sub-meter scale but smooth 
on the crater’s bottom [12]. That is, the floor of the Shackleton crater 
will be an ideal place for the leaper’s in-situ exploration. Therefore, 

regions like the Shackleton crater are of great interest to both scientists 
and engineers expecting long-term geological investigation and in situ 
resource utilization of cold-trapped water ice. 

The extremely low temperature of PSRs such as the Shackleton crater 
can cold-trap water molecules once they are distributed and/or depos
ited by comets, solar wind implantation, and volcanic outgassing [2,17]. 
Using the reflectance of the lunar surface from LOLA observations, 
Zuber et al. [16] explain the relatively brighter Shackleton crater floor 
might be caused by a water ice-bearing 1-μm-thick layer. Based on 
scattering light in PSRs, Li et al. [18] find direct evidence of exposed 
water ice at near-infrared spectra at the lunar south pole which also 
includes the Shackleton crater. Using the pixon image reconstruction 
technique, Teodoro et al. [19] determined the water equivalent 
hydrogen to be ∼ 0.6 wt% at Shackleton crater. Additionally, the Lunar 
Crater Observation and Sensing Satellite (LCROSS) experiment has 
confirmed the abundance of volatiles by analyzing the near-infrared 
spectra of ejecta plumes at Cabeus crater [20]. Therefore, it is reason
able to drill samples at the bottom of the Shackleton crater for investi
gating water ice and other volatiles. Here, we take the Shackleton crater 
as an exploration target to illustrate landing site selection based on our 
mission concept design and evaluation of illumination conditions. 

3. Data and method 

The LOLA altimeter is one of seven scientific instruments aboard LRO 
that was commissioned on July 13, 2009. LOLA is designed to measure 
the shape of the Moon with a multi-beam and high-repetition-rate laser 
altimeter system [21]. Digital elevation models (DEMs) of the polar 

Fig. 1. Illustration of the rover’s detection and sampling. Lx indicates the maximum drilling depth. The figure is not drawn to scale.  

Fig. 2. Illustration of the leaper’s detection and sampling. Lx indicates the maximum drilling depth. The figure is not drawn to scale.  
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regions have been constructed based on the unprecedented spatial res
olution which is about 10 m in the along-track direction at the nominal 
50 km near-circular mapping orbit [10,14]. In this study, a 15 × 15 km 
region near the lunar south pole that partially covers the Shackleton 
crater is investigated by calculating illumination conditions with a 20 
m/pixel DEM map that is derived from LOLA data (http://imbrium.mit. 
edu/). The area and resolution chosen here are a compromise between 
computation time and spatial accuracy. However, it is sufficient to 
simulate the actual lighting conditions accurately for a relatively 
long-time scale. It is worth noting that the illumination conditions of the 
20 m scale are still much coarser than the apparent footprint of the 
surface mission element. The specific landing site in regions of interest 
can be further determined from high-resolution images of the orbiter, 
which is beyond the scope of this study. 

Numerical simulation of polar illumination conditions has been 
widely used to investigate the Moon’s poles with different digital terrain 
models [5,7,8,10]. Some researchers preferred the ray-tracing method 
[5,8,9] due to the accuracy of simulation, while this calculation has to be 
repeated each time step. Therefore, the ray-tracing method is 
well-adapted for short periods but is very time-consuming on a large 
area and long timescale, whereas, the horizon technique only costs a 
long computation time once for retrieving the horizon at each pixel and 
stores the maximum elevation in different azimuth direction [10–13]. 
With a little sacrifice of accuracy concerning the ray-tracing method, the 
computation speed has been improved significantly. 

In this study, we employ the horizon method that is similar to those 
previously described by Mazarico et al. [10] and Gläser et al. [12]. The 
Navigation and Ancillary Information Facility [22] (NAIF) was devel
oped by NASA to provide assistance and information about the 
space-borne instrument and planetary mission modeling. Here, we use 
the NAIF/SPICE library and kernels to compute the Sun-Moon geometry. 
Then we combined the LOLA topography to characterize the illumina
tion conditions. We conducted the simulation with a high temporal 
resolution of 1 h to identify the most illuminated regions within the 
study area. Additionally, the position of the Sun and its apparent radius 
are updated at each time step. The azimuth step of each pixel is 0.5◦

which will create 720 of the highest elevations after computing all the 
elevations along the line of sight. Specifically, the time step, 1 h 

corresponds to the Sun’s angular diameter and the azimuth step during 
which the Moon rotates about 0.5◦ [12]. Note that both the distances 
measured in the map and the height differences are corrected for the 
DEM polar stereo projection distortion. Given a certain time and/or 
period, one can calculate the solar elevation at each pixel and compare 
the corresponding horizon to decide whether it is illuminated or not. By 
treating the Sun as an apparent disk rather than a point source, the 
illumination map is created from the fraction of the visible solar disk at 
each pixel. 

4. Results 

4.1. A case study of the proposed CE-7 mission period 

Lunar polar illumination conditions can be different at different 
seasons due to the precession cycle [1,3]. Although the average illumi
nation rate of 18.6 years at both poles has been investigated, the illu
mination conditions for a specific lunar polar exploration mission within 
a period can be different. That is, the selection of the best landing site for 
the CE-7 mission could be different when taking into account different 
periods. 

The Diviner measurements show that the temperature within PSRs 
presents a dominant seasonal variation during the Moon’s draconic year 
[3]. Such variation in the thermal environment is dramatically 
controlled by illumination conditions. Here, we define the lunar season 
of each pole simply by subsolar latitude that is above or below the 
equator. Fig. 3a shows the subsolar latitude variation within the time 
span of 2024–2025. The full range of southern winter (blue shaded area) 
and summer (red shaded area) within 2024 start on April 4 and 
September 28, respectively. Considering the efficiency of power utili
zation and thermal control system, we calculate the accumulated illu
mination over the period between September 28, 2024, and March 17, 
2025. Additionally, the Sun-Moon distance also presents a variation due 
to the Moon’s rotation and revolution (Fig. 3b), which controls the Sun’s 
apparent radius and irradiance that arrives on the lunar surface. 

Fig. 4 shows the illumination rate at a surface level within a 15 × 15 
km area at a spatial resolution of 20 m/pixel that is near the lunar south 
pole and partially covers the Shackleton crater. No areas are identified to 

Fig. 3. Variation of lunar orbital parameters in the years 2024 and 2025. (a) Is the subsolar latitude which indicates the seasonal variation of the Moon. The blue and 
red shaded areas indicate the full range of southern winter and summer start in 2024, respectively. The dashed line indicates the lunar equator. (b) Is the Sun-Moon 
distance in AU. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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receive constant sunlight during the considered period. As expected 
from previous studies [10–12], the Shackleton crater rim and its sur
rounding highest terrains are found to be the most illuminated areas. But 

these regions are characterized by different topography and surrounding 
perpetual and/or seasonal shadowed craters. Since the landing site se
lection and/or traverse design are crucially dependent on the scientific 
goals and engineering capabilities, other factors such as surface slopes, 
distance to exploration targets should be considered as well as illumi
nation conditions. 

4.2. Illumination conditions at potential landing sites 

In this part, we first select three potential landing sites (black boxes 
in Fig. 4) with relatively high illumination rates that have also been 
investigated by previous work [11,12]: two Shackleton Rim (SR1 and 
SR2) and one “Connecting Ridge” (CR1) between Shackleton and de 
Gelarche craters. Note that the area of SR2 investigated here is larger 
than in previous work [12] but is the same as SR1, which is convenient 
for comparison. Then, we filter these areas by restricting surface slopes 
by considering engineering safety. Here, we focus on different periods 
by considering the illumination rate, surface slope, and illumination 
conditions at different heights above the surface. These factors are 
important for mission design studies, in particular for the identification 
of optimal landing sites [23], rover traverse planning, and solar array 
height and location [10,11]. In addition, we also evaluate the distance 
between the landing sites and the center of the Shackleton crater to 
compare the capability requirement of the leaper and penetrator. 

The surface area of favorable landing zones should be evaluated to 
provide accurate constraints on landing site selections. As shown in 
Figs. 4 and 5a,d, regions of these three landing sites with illumination 
rates greater than 60% are distributed in lines and clusters that are 

Fig. 4. The average illumination rate of the study area near the Moon’s south 
pole between April 4, 2024, and March 17, 2025. The area enclosed by black 
boxes (SR1, SR2, and CR1) is a potential landing site area. The map is created in 
polar stereographic projection and the coordinate (0,0) indicates the lunar 
south pole. “SH” represents the Shackleton crater. 

Fig. 5. Comparison of illumination rate at two potential landing sites. (a), (b) and (c) are SR1 landing site areas with the center coordination 156.3709◦W, 
89.7692◦S. (d), (e) and (f) are CR1 landing site areas with the center coordination 137.2214◦W, 89.4586◦S. The left, middle and right columns indicate illumination 
rate at the surface, 1 m and 2 m height above the surface, respectively. The pixel enclosed with black boxes indicates an illumination rate greater than 70% and a 
surface slope less than 10◦. 
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controlled by topographic relief. Considering a higher illumination rate 
of >70% and a small slope of <10◦ for engineering safety, the potential 
landing site in the number of pixels is significantly reduced and the 
region becomes discontinuous. Specifically, the landing site SR2 only 
has a total area of 10,400 m2 (26 pixels) though it has an average illu
mination rate of 77.0% with the highest value, 96%, and is closer to the 
floor of the Shackleton crater. Comparatively, SR1 (Fig. 5a) and CR1 
(Fig. 5d) present a larger area of 22,000 m2 and 25,600 m2, and an 
average illumination rate of 79.7% and 77.7%, respectively. The area of 
the two landing sites is mainly discontinuous but with partial clusters 
(enclosed with black boxes) along the rim and/or ridge. Therefore, in the 
next paragraph, we will evaluate and compare SR1 and CR1 in detail for 
landing site selection. 

Considering the height of an observer, we evaluate the illumination 
conditions for a solar panel on a rover with a height of 1 m above the 
surface. As shown in the middle column of Fig. 5 and Table 1, both the 
total area and average illumination rate of the two landing sites (pixels 
enclosed by black boxes) increase dramatically compared to the surface 
level (left column). Typically, both SR1 (Fig. 5b) and CR1 (Fig. 5e) 
become mainly continuous and form an elongated area along rims and 
ridges. We also evaluate the illumination rate at an altitude of 2 m above 
the surface (right column of Fig. 5) for a solar panel on a stationary 
lander. It can be seen that both the average illuminate rate and landing 
site area at SR1 and CR1 increase substantially compared to the surface 
and 1 m level. Both landing site areas of SR1 and CR1 are completely 
continuous along the rims and/or ridges. But the CR1 presents a larger 
cluster of landing site areas than that of SR1. It is worth noting that the 
CR1 has a relatively ~1.6 times larger total area of the favorable landing 
site at the surface level than SR1 and a relatively smaller illumination 
rate than SR1 at all levels. However, the total area of CR1 at 1-m and 2-m 
level increase more rapidly than that of SR1 and form larger clusters. 

5. Discussion 

5.1. Potential landing site selection 

Based on our concept of the CE-7 lunar polar exploration mission, the 
leaper will fly to cold traps to explore water ice by drilling samples. 
Compared to rover exploration, the leaper can target great distances 
without considering the potential hazardousness, for example, exposed 
rocks, extreme slopes, and darkness during the traverse. Although the 
Shackleton crater studied here has a large wall slope with an average of 
31◦, most of the floor is nearly flat, which is a favorable exploration site 
for the leaper. Furthermore, the leaper moves fast which can reduce 
exposure time in cryogenic regions, which will lower the engineering 
risk. Similarly, the range between the lander and target for the pene
trator exploration only needs to be considered here. In this part, we 
compare the average illumination rate, total landing site area, slopes, 
and distance to the exploration target in detail for landing site selection. 

Since SR1 is part of the Shackleton rim, it has the shortest average 
distance, ~11 km (i.e., about the radius of the crater) to the crater 
center. However, CR1 has a greater distance than that of SR1 by a factor 
of ∼ 2. This will result in more energy consumption for both the leaper 
and the penetrator. Considering the altitude of the solar panel on a rover 

and a lander, the total area of possible landing site (with a basic rule of 
both average illumination rate >70% and slope <10◦) at CR1 increases 
faster than SR1 but with smaller slopes (Table 1). That is, the large area 
of the CR1 landing site provides more choices for landing site selection 
and traverse planning, which in turn could reduce the engineering risks 
during the landing. But the relatively high illumination rate of SR1 is 
more favorable for solar power utilization and thermal control system, 
especially for long-term exploration missions. Based on the above basic 
rule, we further restrict the landing site selection with the order of (1) 
distance to the target and (2) illumination area under consideration of 
the range capability of the leaper and the penetrator. Therefore, it is 
advantageous to select SR1 as a primary landing site for exploring the 
Shackleton crater. Alternatively, CR1 is also an interesting landing site 
because of its large possible landing site area and smoother surface when 
the distance is not considered. 

5.2. Patterns of illumination rate at potential landing sites 

The period of illumination and/or darkness is crucially important for 
surface operation, such as solar power utilization and thermal control 
system. Fig. 6a shows a time history of the visible Sun fraction at 2 m 
height of one potential landing site (X = − 2810 m, Y = − 6590 m) within 
SR1 during the lunar south summer between September 28, 2024, and 
March 17, 2025. The partially visible Sun fraction (0–1) is repeated 
during the transition between illumination and darkness. Considering 
the proportion of solar energy to the visible fraction and the efficiency of 
power utilization, the visible Sun fraction is converted to a binary illu
mination/darkness pattern (Fig. 6b) by thresholding 0.5 Sun fraction 
following the work of [11]. The result shows that there is a continuous 
57 days of illumination and a maximum period of darkness of about 2 
days and a half during the time range. Considering the capacity of the 
power system of the lander/rover, a short period of darkness can be 
further excluded to reduce the unfeasibility of short system hibernation 
times. Fig. 6c and d shows patterns after filtering darkness periods 
shorter than 13 h and 44 h, respectively. The duration of the longest 
illumination periods has been increased dramatically to 86 and 97 days. 
That is, the improvement of the power capacity of the lander/rover 
operating in darkness can increase the apparent continuous illumination 
periods for ground operation and investigation. Comparatively, we also 
computed a time history of the visible Sun fraction at 2 m height of 

Table 1 
Comparison of total areas (m2), average illumination rate (rill, %), and average 
slope (◦) at different landing site areas with illumination rate greater than 0.7 
and slope less than 10◦.   

SR1 CR1 

Altitude 
level 

Total 
Area 

Avg 
rill 

Avg 
slope 

Total 
Area 

Avg 
rill 

Avg 
slope 

Surface 20,400 79.7 3.0 32,000 77.7 2.1 
1 m 91,200 82.3 3.6 201,600 80.9 2.7 
2 m 146,000 86.4 4.0 383,200 83.4 3.2  

Fig. 6. (a) Variation of visible Sun fraction during lunar southern summer 
between September 28, 2024, and March 17, 2025, at 2 m height of one po
tential landing site (X = − 2810 m, Y = − 6590 m). (b) The pattern of illumi
nation after filtering to 0.5 of Sun fraction. (c) and (d) Patterns after filtering of 
darkness/shadow periods shorter than 13 h and 44 h, respectively. 
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another potential landing site (X = − 11,570 m, Y = − 12,470 m) of CR1. 
The result shows that it can always receive continuous illumination 
within the considered time range (~170 days). This will enable surface 
operation with the longest period of continuous power supply during the 
investigation. However, this favorite landing site is much farther away 
than the SR1 concerning the targeted Shackleton floor, which as a result 
requires more propellant for the leaper’s mobility and the launch system 
of the mission. To meet the scientific goals of water ice exploration at 
PSRs, a favorite landing site selection should meet the requirement of 
better illumination conditions and an accessible exploration target. 

5.3. Necessity of high-resolution topography/images for the Leaper’s 
target selection 

Higher-resolution topography data can provide more surface details 
including illumination conditions and geomorphology for landing site 
selection. Currently, the highest resolution of LOLA DEM data covering 
the lunar south pole we can obtain is 5 m/pixel, which can provide more 
information about illumination conditions and surface topography than 
our current study (20 m/pixel). However, the computation of this study 
area is very time-consuming. Nevertheless, the 5 m/pixel is still coarser 
than the apparent footprint of surface assets (meter scale). Therefore, we 
choose the 20 m/pixel data as a compromise between computation time 
and spatial resolution. As a result, the calculated illumination rate can 
still provide useful information for possible landing sites and scientific 
target selection of the CE-7 mission. At present, there is no meter-to- 
submeter scale topography data covering PSRs, which makes the eval
uation of landing site selection and trafficability of the leaper ambig
uous. Considering the necessity of obtaining high-resolution topography 
data and/or images for engineering safety, we also proposed an InSAR 
that will be equipped for the orbiter to obtain a submeter scale topog
raphy and images of the target before landing. Thus, this will provide 
detailed surface information including slopes, exposed rocks/boulders, 
and meter-scale craters for the potential landing and exploration sites. 
Additionally, the leaper is also equipped with a navigation terrain 
camera and a lighting system, which will help the leaper select a target 
before landing and avoid obstacles during “walking”. Specifically, the 
leaper can climb a maximum slope of 30◦, which makes the leaper’s 
trafficability more flexible. Since this study is focused on computing 
illumination conditions to provide possible rules of landing site selection 
for our proposed mission concept. A detailed analysis of the surface 
topography in the assets scale will be further determined from high- 
resolution images of the orbiter during the mission, which is beyond 
the scope of this study. 

As mentioned above, the Leaper’s specific target of Shackleton’s 
floor is not determined due to the lack of high-resolution topography 
data. However, the temperature-dependent water ice stability in the 
targeted area can be evaluated. The Diviner aboard LRO was designed to 
systematically measure lunar surface temperature globally [24] and the 
more than 10 years of observations provide diurnal and seasonal con
straints on the lunar polar thermal environment [3,25]. Most of the 
bottom of the Shackleton crater remains at extremely lower tempera
tures (<110 K) where water molecules can remain stable seasonally. 
This makes the bottom of the Shackleton crater a candidate for both 
scientific exploration and in-situ resource utilization. In addition, the 
theoretical model indicates that temperature cycles of the near-surface 
at cold traps can drive water molecules downward along thermal gra
dients to form the thermal stability of buried water ice and “thermally 
pumped” ice, which is usually stable within a 20 cm depth [26,27]. If 
water ice is buried in the subsurface, the loss rate is reduced significantly 
due to the obstruction of the overlying dry regolith and relatively 
smaller temperature fluctuation, which is favorable for the leaper’s 
sampling. 

5.4. Challenges and strategies of the leaper’s exploration at PSRs 

One of the main scientific objectives of the CE-7 mission is to 
investigate volatile components including water ice at PSRs. Compared 
to China’s previous successful Chang’E− 5 lunar sampling return 
mission, the sampling mission at cold traps of the leaper we proposed in 
this study still faces great technical challenges. (1) The extremely low 
temperature at PSRs is hazardous to the device and sensors of the leaper. 
(2) The randomly distributed surface water ice makes it difficult for the 
leaper’s landing site selection and traversing within a limited opera
tional time. (3) The ice-bearing regolith presents an extreme mechanical 
strength with different ice saturation [28], which makes the drilling 
difficult. (4) The temperature dependence of volatile evaporation could 
be caused by the heat during the drilling, which is a challenge to 
microgram-level sampling. 

To sample water ice efficiently, we propose a general sampling 
strategy and manipulation method of the leaper. (1) Pre-judgmental 
location selection. Using an infrared spectral camera and neutron 
spectrometer onboard the leaper to characterize the surface before 
drilling. If there is no hydrogen and/or water signal, the leaper will 
move to another place. (2) Intelligent drilling. Developing an automatic 
control system, for example, integrating a dielectric sensor at the front 
end of the drilling tool to identify soils, rocks, and water ice during the 
drilling process. (3) Low perturbation sampling. To monitor and adjust 
the drilling status which might overheat the surrounding materials, a 
thermal sensor should be integrated into the drilling tool. (4) Real-time 
drilling data correlation analysis. Combining the temperature, dielectric 
properties, and mechanical status during drilling for real-time analysis 
to provide a comprehensive understanding of the sample. 

6. Conclusion 

Volatiles including water ice cold-trapped in permanently shadowed 
regions are one of the most interesting scientific topics for lunar polar 
exploration. In this study, we proposed a general concept for China’s 
future CE-7 lunar polar exploration mission. It consists of four probes, 
the orbiter, lander, rover, and leaper, and one relay satellite. The orbiter 
observation can provide a high-resolution image of the sunlit area for 
landing site selection and investigate hydrogen/water distribution at 
PSRs for the leaper’s exploration planning. The lander not only carries 
the rover and leaper, but also a penetrator which will be launched to 
penetrate the permanently shadowed crater wall for water ice detection. 
The rover and leaper will sample by drilling at the sunlit area and cold 
traps, respectively. Once the sampling mission has been completed, the 
leaper will join the rover to continue to explore the sunlit area with an 
extended mission. All data will be stored and transmitted to Earth 
through the relay satellite due to the limited Earth visibility. 

We also take the Shackleton crater as a study case for our proposed 
CE-7 mission concept. Based on the high-resolution LOLA DEM, we 
calculated the accumulated illumination within a 15 × 15 km area 
during the lunar southern summer between September 28, 2024, and 
March 17, 2025. No region has been found to receive constant illumi
nation during this period. However, two Shackleton Rim (SR1 and SR2) 
and one “Connecting Ridge” (CR1) were found to have relatively high 
illumination rates which were favorable for potential landing sites. 
Selecting regions with a basic rule of illumination rate >70% and surface 
slope <10◦ for engineering safety, the result shows that SR2 received a 
high average illumination rate but a very small landing site area. 
Considering the height of an observer at SR1 and CR1, we evaluate the 
illumination conditions for a solar panel on a rover and a stationary 
lander with a height of 1 m and 2 m above the surface, respectively 
(Fig. 5). We found that CR1 not only has a comparable illumination rate 
with SR1 but also has a very large continuous landing site area with 
small surface slopes. However, CR1 has a greater distance than that SR1 
by a factor of ∼ 2 to the center of Shackleton. We also restrict the landing 
site selection with the order of distance to the target > illumination area 
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based on our mission concept; we propose to select the SR1 as a primary 
landing site for exploring Shackleton. In future work, the evaluation of 
landing site selection can be improved based on more announced details 
of the CE-7 lunar polar exploration project. 
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