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Moon-Based Ground Penetrating Radar Derivation
of the Helium-3 Reservoir in the Regolith at the
Chang’E-3 Landing Site

Chunyu Ding

Abstract—The Moon-based ground penetrating radar (GPR)
carried by the Yutu rover performed in-situ radar measurements to
explore extraterrestrial objects, which provides an unprecedented
opportunity to study the shallow subsurface structure of the Moon
and its internal resources. Exploiting lunar resources might be one
of the solutions to the Earth’s energy shortage in the future. In
this article, first, the thickness distribution of the lunar regolith
at the Chang’E-3 landing site is derived using the high-frequency
Yutu radar observation data. Second, the surface concentration of
helium-3 is determined based on the surface TiO, content of the
lunar regolith. Finally, the reservoir of helium-3 resources in the
lunar regolith is estimated. Our result suggests that the helium-3
reservoir along the Yutu rover traveling route from the navigation
points N105 to N208 (~445 m?) is ~37-51 g, and its helium-3
content per unit area is ~0.083-0.114 g/m?2, which is at least five
times higher than that of the global average. Currently, the nuclear
fusion experiment is facing a severe shortage of tritium fuel. We
discuss the possibility of replacing it with lunar helium-3 as the fuel
for nuclear fusion. Meanwhile, we also suggest that the Chang’E-3
landing area can be a potential site selection for the exploitation of
the lunar helium-3 in the future. Our results will provide a valuable
reference to evaluate the economics and feasibility of mining in-situ
helium-3 resources on the Moon.

Index Terms—Chang’E-3 mission, Helium-3, lunar regolith,
Moon-based ground penetrating radar (GPR).
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1. INTRODUCTION

HE Moon is the natural satellite of our Earth, and it
T is also the preferred target for human beings to explore
extraterrestrial objects [1]. As the evolution terminal of terres-
trial planets, investigation of the Moon can also help us better
understand the future of our Earth [2]. So far, human beings have
carried out more than 130 exploration missions to the Moon, with
a success rate of about 50% [3]. Not only does the Moon have a
large number of scientific problems awaiting further study, but
also the resources to be exploited [1], [4]. For example, ilmenite,
which is a mineral with a chemical composition of TiO5 + FeO,
is rich in basalt on the Moon, and there are huge amounts of
potassium and uranium (e.g., the concentration of potassium and
uranium are observed to be 500 1 g/g and 200 ng/g in mare basalt,
respectively; [5]), rare Earth elements (REEs) in KREEP, and the
helium-3 resources stored in the lunar regolith [4], [6]. KREEP
is the lunar material having very high concentrations of incom-
patible elements, which is mainly composed of potassium (the
atomic symbol is letter K), REEs, and phosphorus (the atomic
symbol is letter P) [7]. The solar wind carries a large amount of
helium-3 material blew into the lunar regolith (e.g., the Apollo
samples laboratory measurements confirmed the existence of
the helium-3 material stored in the lunar regolith [8]), which
results in the estimated storage of the helium-3 reservoir over
one million tons on the global Moon [4], [9], [10], [11], [12].
The fact that the lunar regolith contains the helium-3 is the
result of laboratory measurements on Apollo samples [4], [14],
[15]. Even though the laboratory measurements of Apollo sam-
ples exhibit that there is a very small concentration of helium-3
enriched in the lunar regolith with an average concentration
of about 3.59 ppb [14], it is still triggered a great interest for
scientists [16]. The discovery of the lunar helium-3 resources,
which is a candidate material for nuclear fusion and may provide
new supplies for future Earth’s energy shortage [17], [18],
[19], [20]. The total helium-3 reservoir in the entire Moon is
strongly associated with the thickness of the lunar regolith [11].
Assuming that the concentration of helium-3 in the lunar regolith
is a homogeneous distribution with depth, Swindle et al. [14]
estimated that the helium-3 reservoir in the global of the Moon
is 3.22 x 10% kg. On the other hand, it is assumed that the
concentration of helium-3 in the lunar regolith decreases with
depth. The total content of the helium-3 was calculated to be
~6.6 x 108 kg on the entire Moon by the Chinese Chang’E-1
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(a) Geological context of the Chang’E-3 landing site, the white star indicates the location of the lander. The base image is acquired from LROC NAC

(image ID: M102285549LE). (b) Yutu rover traveling route within the first two lunar days on the Moon’s surface. The black dots represent different navigation
points, and the different colors on the traveling route represent the speed of the Yutu rover, which has an average speed of ~5.5 cm/s [13]. The base image is
acquired by the descent camera of the Chang’E-3 lander with the image ID of CE3_BMYK_LCAM-3006.

microwave radiometer observation [11], [18]. According to the
above remote sensing results, the total helium-3 reservoir in
the whole Moon is at least 660 000 tons, but the total reser-
voir of that on Earth is only 20 tons [11]. Simko et al. [19]
hypothesized that one million tons of the helium-3 can supply
the energy needs of our Earth for at least 5000 years. All of
the above discuss the helium-3 resources on a global scale,
but the reservoir of in-situ helium-3 estimation has not been
reported. The estimation of the global helium-3 reservoir is
observed by space-borne instruments, e.g., Clementine’s spec-
trometer and the Chang’E-1 microwave radiometer [9], [18].
However, these space-borne instruments usually have a low
spatial resolution, e.g., the Chang’E-1 microwave radiometer
has a spatial resolution of 30-50 km [18]. Thus, it is unable to
precisely detect the thickness of the lunar regolith in a small-
scale region (e.g., the Chang’E-3 landing site), so the indirectly
obtained helium-3 resources in a small-scale region are not
precise enough. However, the Moon-based ground penetrating
radar (GPR) onboard the Yutu rover provides a possibility to
estimate the thickness of the lunar regolith with a high resolution
in the small-scale region.

In this article, the in-situ helium-3 reservoir is first indirectly
estimated by the Yutu high-frequency radar at the Chang’E-3
landing site, and we also discussed its economic benefits and
potential future applications. The general structure of the article
is as follows: First, we introduce the Yutu radar system and
the data collection on the Moon, see Section II-A. Second, the
quantitative estimation approach of the helium-3 reservoir is
derived in Section II-B. Third, the distribution of the regolith
thickness along the Yutu rover traveling path is estimated using
the high-frequency Moon-based GPR data (see Section III-A),

and then, the surface concentration of helium-3 at the landing
site is determined by the function of the TiO2 content and the
helium-3 concentration (see Section III-B). Fourth, the reservoir
of helium-3 in the lunar regolith is estimated (see Section III-C).
Finally, we discussed the content and origin of helium-3 (see
Sections IV-A and IV-B), its economic benefits and possible
future applications have also prospected see Section IV-C, and
we also discuss the proposal of the Chang’E-3 landing site as a
potential mining area for the helium-3, see in Section I'V-D.

II. RADAR, DATA, AND METHOD
A. Yutu Radar Descriptions

In 2013, the Chang’E-3 mission has been successfully landed
in the northeastern Mare Imbrium on the near side of the Moon,
with a latitude and a longitude of 44.1260°N, 19.5014°W [23],
[25]. The Chang’E-3 lander [see Fig. 1(a), the white star] is
located ~50 m away from the eastern rim of the Ziwei crater,
which has a diameter of ~450 m, shown in Fig. 1(a); [26], [27].
The landing site is located on the top of the Eratosthenian-aged
basalt whose absolute model age is constrained to be ~2.5
Ga [23], [27]. The Yutu rover traveled a total of ~114 m on the
surface of the Moon [23], and its traveling speed is not uniform
[e.g., different colors in Fig. 1(b)], which has an average speed
of ~5.5 cm/s [21], [28].

The Moon-based GPR carried by the Yutu rover is the first in-
situradar instrument operation on the surface of the Moon, which
provides an unprecedented opportunity to study the lunar subsur-
face structure and its potential in-situ resources [21], [23], [25],
[29], [30]. The Yutu radar consists of low-frequency and high-
frequency channels, respectively [29]. The low-frequency and
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Fig. 2. Data processing flow of the Moon-based high-frequency GPR
radargram.

high-frequency Moon-based GPR channels are installed at the
rear and on the bottom of the Yutu rover, respectively [29]. The
operating frequency of the low-frequency channel is 60 MHz,
and its frequency ranges from 40 to 80 MHz [29]. The depth
resolution of the low-frequency channel is ~1 m [23], [29] in the
regolith-like material, and it is mainly used to detect subsurface
structures of the Moon with a penetration depth greater than
100 m [29]. The high-frequency channel works at an operating
frequency of 500 MHz, and its frequency ranges from 250 to 750
MHz [31]. The depth resolution of the high-frequency channel
is better than 0.3 m validated by the ground experiment in
the simulated lunar regolith [31], whose relative permittivity
is measured to be ~2.89 in the field [32]. The high-frequency
channel is composed of three butterfly antennas separated by
a distance of ~0.16 m [29], one of which transmitter and the
other two receivers. The time window is designed to be 640 ns,
which is mainly used to probe the thickness and the interior
structure of the lunar regolith [25], [29]. Since the low-frequency
Moon-based GPR system is insufficient to detect the thickness of
the lunar regolith layer [23], [24], [33], only the high-frequency
Moon-based GPR observation data are used in this article.

B. Data Collections

Although the Yutu radar has a survey line of ~114 m on the
surface of the Moon [23], [28], the data between the navigation
points N208-N209 was lost, so it is a total of ~107.4 m radar ob-
servation data obtained [21]. The radar data adopted in this study
can be freely downloaded from the Lunar and Planetary Data
Release System (http://Moon.bao.ac.cn). The high-frequency
radar data need to be preprocessed to improve the signal-to-noise
ratio before it can be effectively used for further research. This
article adopts the conventional data preprocessing methods for
the Yutu radar observation data [21], e.g., background removal,
band-pass filtering, and weak signal enhancement. The data
processing flow of the Moon-based GPR observation data is
shown in Fig. 2, and the processed radargram is shown in Fig.
3(a). It is worth noting that because the radar is in the debugging
stage between the navigation points N101 and N105, multiple
sets of different gain parameters are set, resulting in discontinuity
of the radargram [21], [28]. The radar measurement after the
navigation point N105 are all set with the same parameter (e.g.,
0 dB gain; [21]). Therefore, this study only used the radar data
from the navigation points N105 to N208 to unify the data, which
corresponds to ~74.2 m in distance along the radar survey line.
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The first layer is at a depth of ~0.74 m, shown as the yellow
dashed line in Fig. 3(b). The amplitude of the radar echoes
changes from weak to strong, indicating the difference of the
material in the subsurface of the Moon, and it can be inferred
as the interface between the fine-grained regolith and the un-
derlying ejecta material of the Ziwei crater. The second layer is
at a depth of ~4.3 m, shown as a red dashed line in Fig. 3(b).
The amplitude of the radar echoes changes from strong to weak,
which is inferred as the interface between the ejecta material and
the paleo-regolith. The third layer is at a depth of ~9.3 m, shown
as a green dashed line in Fig. 3(b). The amplitude of the radar
echoes gradually approaches the noise level, which is inferred
as the interface between the paleo-regolith and its underlying
materials.

C. Method for Estimating the Helium-3 Reservoir

The helium-3 reservoir in the lunar regolith is mainly as-
sociated with the direct injection of the solar wind, and its
concentration adheres to the surface of its particles. The lunar
regolith is a layer of loose material covering the bedrock of
the entire Moon [34], and its formation and thickness mainly
depend on the frequency of the bombardment of impacts [1].
The physical process of binding helium-3 to the lunar regolith is
the implantation of the solar wind. The average speed of the
solar wind on the lunar surface is ~468 km/s [35], and the
average energy of helium ions is ~4 keV in the solar wind [36].
Although the thickness of the helium-3 implanted by the solar
wind is ~1 mm in the lunar regolith [37], the diffusion process
of the helium-3 actually implanted into the lunar regolith takes a
long time to reach equilibrium [36]. Therefore, the concentration
distribution of helium-3 in the lunar regolith is deeper than that
of the solar wind implantation. The lunar surface is frequently
impacted by meteorites of different sizes, and the deep lunar
regolith will be excavated and overturned [34] and re-exposed
on the lunar surface to receive the helium-3 implantation. There-
fore, the concentration of helium-3 in the lunar regolith may be
evenly distributed along the vertical depth. In addition, ilmenite
has stronger adsorption on the helium-3 compared with other
lunar minerals (e.g., the content of helium-3 in ilmenite is
10-100 times than that of other minerals [11], [38]). The crystal
of ilmenite has a hexagonal close-packed structure, and its lattice
spacing is similar to the size of helium-3 atoms, so it is easy to
capture the helium-3 atoms [36]. The majority of TiOs in the
lunar regolith is hosted by ilmenite, and the content of TiO5 can
be used as an indicator of the helium-3 retention capacity of the
lunar regolith [11].

To estimate the helium-3 reservoir of the lunar regolith, we
first need to know its thickness and the surface concentration
of helium-3. Then, the total helium-3 reservoir in a specific
area can be obtained by calculating the volume of the lunar
regolith by multiplying the concentration of helium-3 along with
the depth. The volume of the lunar regolith can be measured
by the high-frequency Moon-based GPR. The concentration of
helium-3 can be obtained from the laboratory measurement of
Apollo regolith samples. Previous studies have shown that the
concentration of helium-3 in the lunar regolith is directly related
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Fig. 3.

Radargram acquired by the high-frequency Moon-based GPR at the Chang’E-3 landing site, and its schematic diagram of geological interpretation. 0

is the surface ground of the Moon on the Y-axis. (a) Raw 2B-level radar data has been processed by background removal, band-pass filtering, and weak signal
enhancement. It is worth noting that the intensity contrast of the amplitude in the radargram is destroyed after weak signal enhancement, but it does not affect
the interpretation. The left axis is the apparent depth, which corresponds that the relative permittivity of the subsurface material is assumed to be 1. (b) Processed
radargram. The left axis is converted to depth by the relative permittivity of the lunar regolith calculated to 3.23 [21], [22]. The yellow dashed line indicates a
layer of the fine-grained lunar regolith [23], [24]. The red dashed line draws the interface of the regolith-like ejecta and the paleo-regolith [22]. The blue dashed
line marks the layer of paleo-regolith [23]. (c) Geological profile of the interpretation at the Chang’E-3 landing site with a depth of ~10 m. The fine-grained lunar
regolith is ~0.74 m thick, the regolith-like ejecta has a thickness of ~3.57 m, and the thickness of paleo-regolith is ~4.96 m.

to its TiO4 content [11], [14]. However, previous studies have
also shown that as the depth increases, the deep lunar regolith
being excavated is relatively infrequent by the impacts, so the
helium-3 being implanted by the solar wind is mitigated [11],
[14]. Tt caused the depth profile of the concentration of helium-3
content to be not homogeneous in the lunar regolith. Laboratory
simulation results show that the distribution of the concentration
of helium-3 exhibits an exponential decay trend with increasing
depth [11], [39] so that the total helium-3 reservoir in the lunar
regolith can be calculated by

T oy [z .
M= / / / p(z) - Coe” 7 dadydz (1)
o Jo Jo

where z, y is the spatial position (m), z is the observed thickness
of the lunar regolith (m); p(2) is the density (kg/m?) of the lunar
regolith; Cy is the surface concentration of helium-3, whose
unit is ppb, 10~ g/g [15]; 7 is the scale of attenuation (m). The
technical process for estimating the helium-3 reservoir in the
lunar regolith in detail is shown in Fig. 4.

III. RESULTS

A. Thickness Distribution of the Lunar Regolith Along the
Yutu Rover Traveling Path

The Moon-based GPR radargram is composed of the ampli-
tude of the signal and the two-way traveling time. To transfer the
time to depth in the radargram, it is necessary to calculate the
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speed of the radar pulse propagating in the subsurface material,
which can be calculated by the following formula:

c

d= ﬁT
where c is the speed of electromagnetic wave propagation in
free space, 3 x 10% (m/s); ¢ is the relative permittivity of the
lunar subsurface material; 7 is the one-way traveling time (ns).
The propagation speed of the Moon-based GPR pulse in the
lunar regolith is constrained to be ~0.17 m/ns by the hyperbolic
fitting method [21]. The depth information of the radargram after
conversion is shown in Fig. 3(b).

The area detected by the Yutu radar is on the top of the
continuous ejecta blanket of the Ziwei crater [23]. A fine-grained
lunar regolith about 0.74 m thick developed on the continuous
ejecta blanket of the Ziwei crater after 26.7 Ma [see Fig. 3(b) and
(©)]; [23], [24]. Radar echoes exhibit sharp changes at depth of
~4.2 m, indicating the interface of the ejecta blanket underlying
the paleo-regolith, dashed red line in Fig. 3(b) [21]. The relative
permittivity of the ejecta blanket is estimated to be ~3.23 [21],
which is consistent with that of the typical lunar regolith of
Apollo samples [34]. This suggests that the continuous ejecta
blanket (< 4.2 m) of Ziwei is made of regolith-like materials.
The reason is that while the Ziwei crater was formed, its ex-
cavation depth may be ~11 m [40] not ~34 m [41], and the
median thickness of the surface regolith before the Ziwei crater
was inferred to ~8 m [42]. The ejecta blanket was formed by
excavating the underlying bedrock and reversal of the surface
lunar regolith during the impacting process [41]. Therefore, we
speculate that the ejecta blanket is composed of the regolith
mixture with rock fragments but still dominated by the regolith.
The percentage of the regolith in the ejecta is estimated to be
~T70%-93% [43]. Most of the regolith in the ejecta is formed by
the overturning of the paleo-regolith during the formation of the
Ziwei crater, so we assume that the distribution of helium-3 in
the ejecta is equivalent to that of paleo-regolith. Radar echoes at
adepth > 4.2-10 m are considered to be the lunar regolith before
Ziwei, that is paleo-regolith (see Fig. 3(c); [23]). Therefore, this
article suggests that the subsurface materials detected by the

@

Technical process for estimating in-situ helium-3 reservoir of the lunar regolith at the Chang’E-3 landing site.

Chang’E-3 high-frequency radar within the depth of ~10 m can
be considered as the lunar regolith (see Fig. 3). It is generally
believed that the regolith thickness is ~5 m in the Mare region
and >10 m in the highland region on the Moon [44]. Therefore,
our estimated result is double the average thickness of the lunar
regolith in the Mare region. The thickness of the lunar regolith
observed by the Yutu radar varies from ~7.43 to 11.34 m, with
an average thickness of ~9.24 m [see Fig. 3(c)], and then, it is
projected onto the Yutu rover traveling route from navigation
points N105 to N208 [see Fig. 1(b)]. The thickness distribution
of the lunar regolith between N105 and N208 is interpolated
through the method of the neighbor interpolation [45]. The
interpolated area between N105 and N208 is estimated to be
~445.00 m? shown in Fig. 5.

B. Constraint of the Surface Concentration of Helium-3

The regolith of the different geological units receives the
various degree of helium-3 implanted from the Sun, which leads
to the spatial inhomogeneity of the surface concentration of
helium-3 (Cy) on the Moon. The value of Cy depends on the flux
of the solar wind reaching the lunar surface, the optical maturity
of the lunar regolith (OMAT), and the content of TiOy of the
regolith [11]. In general, the lunar regolith maturity and OMAT
are strongly associated with the age of the geological unit, and
there are more helium-3 adsorbed on the surface particle of the
fine-grained regolith. However, the variation of helium-3 content
in the lunar regolith has a significant correlation with the local
TiO5 content, rather than OMAT [11], [18]. Therefore, even
though the lunar regolith is not mature (e.g., the regolith of the
Chang’E-3 landing site; [46]) but the high TiOy content may
also lead to a high helium-3 reservoir. By measuring Apollo
regolith samples collected in the different geological units (e.g.,
Apollo 12, 14, 15, 16, and 17 sites; [38]), the function of the
concentration of helium-3 and TiO5 content is obtained shown
in Fig. 6. The regression analysis is performed on the measured
data, and a linear regression equation is obtained as

y = 1.072z 4+ 1.379(R* = 0.81) 3)
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Fig. 5.

Thickness distribution of the Iunar regolith and the Ziwei crater at the Chang’E-3 landing site. The colors in the inserted image represent the thickness

variation from N105 to N208. The spatial distribution of the lunar regolith thickness was obtained by neighbor interpolation [45].
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Fig. 6. Relationship between TiO2 (wt.%) content and the concentration of
helium-3 (ppb, 10~ g/g). The data are from the laboratory measurement of
Apollo regolith samples [38].

where y is the concentration of helium-3 (ppb, 10~g/g), and z
is the TiOy content (wt.%).

The surface TiO- content is measured by the in-situ APXS
(Active Particle-induced X-ray Spectrometer) and VNIS (Vis-
ible and Near-infrared Imaging Spectrometer) multiple times
along the Yutu rover traveling path at the Chang’E-3 landing
site [47]. The estimated surface TiOs content has a range from
~4.6 wt.% to 5.2 wt.% with an average of ~5.0 wt.% [47],
and the discrepancy of the composition of the surface regolith
in the spacial distribution may be associated with uncertainty.
The average surface concentration of helium-3 at the Chang’E-3
landing site can be constrained to 6.74 x 1079 g/g by substi-
tuting ~5.0 wt.% of TiO2 content into the empirical formula
(3). It is worth noting that the instruments of APXS and VNIS
cannot penetrate into the lunar regolith so the depth profile of

the helium-3 concentration within the ilmenite is unknown. In
this article, we adopt two hypotheses to estimate the mass of
the helium-3 in the lunar regolith, which are as follows: 1) the
helium-3 concentration within the ilmenite along the vertical
depth is homogeneous, and 2) the helium-3 concentration is
in-homogeneous.

C. Total Helium-3 Reservoir Estimated by the Yutu Radar
Measurements

After obtaining the thickness distribution of the lunar regolith
along with the Yutu rover traveling route (see Section III-A) and
the surface concentration of helium-3 (see Section III-B), the
total helium-3 reservoir can be estimated by substituting these
two parameters into (1). The concentration of helium-3 inside the
lunar regolith is assumed nonuniformly distributed along with
the depth, which is controlled by the scale of attenuation (7).
In the previous studies, v is commonly assumed to be 3 m for
estimating the helium-3 reservoir of the whole Moon [11], [14],
[39], and we assume that the scale of attenuation () obtained
in the laboratory is a constant value. The physical properties of
the lunar regolith at the Chang’E-3 landing site were estimated
by the high-frequency Moon-based GPR in our previous stud-
ies [21], [22]. The velocity of the radar pulse propagation into the
lunar regolith is estimated by the method of hyperbola fitting [see
Fig. 7(a)], and then, it is converted to the relative permittivity
distribution [see Fig. 7(b)] using the empirical equation from
the data obtained by the Apollo samples measurements [49].
The depth profile of density in the lunar regolith increases with
depth [50]. Similarly, we adopted the depth profile of density at
the Chang’E-3 landing site from Fig. 7(c), and the depth-density
equation is shown as follows:

2% +0.662 + 0.23
22 4+ 0.66z + 0.47

p(z) =2.35 4)
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in the lunar regolith with time. The red dots represent the averaged velocity estimated by the Yutu radar, and the back line is the best-fitted averaged velocity. The
n—1

tn—tp-1

is the time. (b) Relative permittivity (¢) of the lunar regolith derived from the equation, (5)2, where c is the velocity of the electromagnetic wave propagation in

a vacuum. (c) Depth profile of the interval density (p) of the lunar regolith derived by the equation, log1.919(€). (d) Depth profile of the porosity (n), which is

t»,L’U,?l*t,,,‘,l’U2

light pink line is the interval velocity (v') conversion from the averaged velocity using the equation, , where v is the averaged velocity, and ¢

derived by the equation, 1 — K’;n, where pgrain is grain density, which is generally defined to be ~3.1 g/cm? [48].

where z is the thickness of the lunar regolith (m). The porosity
of the surface regolith [see Fig. 7(d)] within the top thickness of
~0.3 m is constrained to be ~44.69% at the Chang’E-3 landing
site [21]. The content of TiO, on the surface of Chang’E-3
landing area is estimated to be 4.6 wt.% to 5.2 wt.% [47], which
is used as the upper and lower limit of uncertainty. According
to (1), we estimate the mass distribution of helium-3 content in
the lunar regolith as shown in Fig. 8. Then, integrating the entire
radar measurement area (~445.00 m?) yields a total helium-3
reservoir of ~ 37+2 g.

IV. DISCUSSIONS
A. In-Situ Helium-3 Reservoir of the Lunar Regolith

The total content of the lunar regolith helium-3 in the area
of ~445 m? yields ~ 3742 g, and its corresponding helium-3
content per unit area is 0.083 g/m?. It is ~5 times higher than
the average helium-3 per unit area estimated by Fa et al. [11]
on the global scale (e.g., 0.017 g/m?) but slightly lower than
the estimated by Swindle et al. [14] (e.g.,0.085 g/m?). The

helium-3 reservoir estimated by Fa et al. [11] considered the
distribution of helium-3 concentration in the lunar regolith to
be in-homogeneous, but Swindle et al. [14] considered it to be
homogeneous. If we assume that the concentration of helium-3
and density along the depth is also a homogeneous distribution
in the lunar regolith at the Chang’E-3 landing site, (1) can be
rewritten as the following:

Mpo =p-Co-V 5
where p is the average density of the lunar regolith (kg/m ) and
V is the volume of the lunar regolith (m?®). The results of previous
studies show that the average density of the lunar regolith at the
Chang’E-3 is estimated to be 1820 kg/m3 [21], [22]. The surface
concentration of helium-3 (Cy) is 6.74 x 10~ g/g according to
Section III-B. Then, we substitute those parameters into (5) to
estimate the mass of helium-3 as shown in Fig. 8(b). Integrating
the measurement area [see Fig. 8(b)] yields a total helium-3
reservoir of ~ 514-2 g, corresponding to ~0.114 g/m? per unit
area, which is higher than that of Swindle et al. [14] as well.
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Distribution of the helium-3 content along the Yutu radar traveling route from N105 to N208, and each pixel is 0.01 m. (a) Result of an inhomogeneous
distribution of the helium-3 content in the lunar regolith. (b) Result of an homogeneous distribution of the helium-3 content in the lunar regolith.

Fig. 8.

In addition, the concentration of helium-3 from Apollo labo-
ratory measurements may be underestimated [4], [15]. Schmitt
et al. [4] argued that Apollo samples might lose a portion of
their concentration of helium-3 due to unavoidable agitation
during sample collection and transportation return to Earth
before being measured. It believes that the concentration of
helium-3 in the samples may be underestimated by as much
as 40% [4]. Since the development of the lunar regolith is
frequently through multiple impacts and overturns [34], the
probability of helium-3 implantation into the lunar regolith is
homogeneous to some extent reasonable, and its concentration
does not decay with the increase of depth. Therefore, in the
case of an inhomogeneous distribution, and considering the
possible loss of transportation agitation, the helium-3 reservoir
per unit area should be re-calculated to be ~0.138 g/m?, which
can be treated as a lower limit. In the case of a homogeneous
distribution, and considering the possible loss of transportation
agitation, the helium-3 reservoir per unit area of the Chang’E-3
landing site should be recalculated to be ~0.190 g/m?, which
can be treated as an upper limit.

B. Origin of the In-Situ Helium-3 Resources

The helium-3 of the lunar regolith is the result of long-term
and continuous implanting of the solar wind [4], [9], [10].
Several factors influence the storage capacity of helium-3 in
the regolith, e.g., the maturity of the regolith, the adsorption of
helium-3 by the surface of the regolith particle, and the content
of different minerals in the regolith, and the physical properties
of the regolith [11]. It is generally believed that the capacity
of the helium-3 retention to the particle interior of the regolith
strongly relates to its exposure time on the Moon’s surface. The
maturity of regolith can usually be quantitatively characterized
by the OMAT. The OMAT value of regolith at the Chang’E-3
landing area is observed to be ~(0.147 by the space-borne instru-
ment [51], indicating that it is immature. This is consistent with
the radar observation of the lunar subsurface material and the
presence of a large number of rock fragments at the Chang’E-3

2771

{

Y The mass of He® (10g)

landing site [21]. Because the interior regolith of the Chang’E-3
is immature, it reflects that its plowing rate is slow, and the
helium-3 implanted by the solar wind may be lower than that in
other mature regions. However, minerals within the regolith also
affect the adsorption of helium-3, especially the ability of TiOo
to adsorb helium-3 is 10 to 100 times than that of other minerals
(e.g., pyroxene, olivine, and plagioclase; [11], [18]). The TiOq
content on the surface regolith is estimated to be ~5.0 wt% using
the in-situ Yutu APXS and VNIS data [47], which is higher than
the global average value. The TiO2 + FeO content inside the
regolith of the Chang’E-3 is constrained to be ~26% [13], which
is also higher than the global average value. Therefore, we infer
that although the regolith is not mature enough, its internal TiO2
content is high, showing a strong helium-3 retention capacity at
the Chang’E-3 landing site.

C. Economic Benefits of the Helium-3 Resources

The total storage of helium-3 resources at the Chang’E-3
seems considerable, but the storage per unit volume is likely
scarce. If the in-situ helium-3 resources in the lunar regolith are
thought to exploit in the future, which is whether the expected
economic benefits can be achieved or not, it is an urgent problem
to be solved. As follows, we will discuss the possible cost and
value of the exploitation of the in-situ helium-3 on the Moon,
and the possibility of replacing tritium with helium-3 for nuclear
fusion.

1) Possible Cost of Exploitation of the In-Situ Helium-3
Resources: The helium-3 resources on Earth are rare with an
estimated reservoir of ~20 tons [52], but the helium-3 resources
on the Moon are very abundant with a reservoir of over one
million tons [11], [53]. If the in-situ helium-3 resources on the
lunar surface are intended to be exploited commercially in the
future, the economic input—output ratio needs to be considered to
achieve the purpose of profitability. Schmitt et al. [4] estimated
the total cost of stationing a complete mining system (including
the fee of research and development, launch and return, personal
costs, equipment, base delivery materials, etc.) for exploiting the
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lunar helium-3 resources would cost 17 billion US dollars [19].
However, we consider that it may underestimate the cost of the
construction of the helium-3 mining system on the lunar surface.

A more possible and feasible proposal for the lunar helium-3
mining system is introduced by Kleinschneider et al. [54],
currently. The cost of the Earth—-Moon transfer transportation
and mining equipment construction on the Moon’s surface are
considered in their proposal, e.g., 22 orbital transfer cargo fleets,
3 lunar ascent/descent vehicles, and 1700 to 2000 Mark III
helium-3 mining machines of the University of Wisconsin are
proposed to be deployed on the Moon’s surface [54]. The cost of
exploiting 2 tons of the helium-3 per year should spend between
$7.7 billion to $20.5 billion, and exploiting 20 tons of the helium-
3 needs to cost between $45.6 billion to $140.3 billion per
year. It is worth noting that the monetary unit in Kleinschneider
et al. [54] is the euro. This article is calculated by converting the
exchange rate into US dollars on September 19, 2022, whose rate
of euro to US dollar is approximately 1:1. Taking the production
of 2 tons of the helium-3 per year as an example, the production
cost per gram of the helium-3 is estimated to be $3850/g to
$10 250/g [54]. However, the current commercial cost of He-3
exceeds $20 625/g (price in 2020) [55]. It is worth noting that
the lunar helium-3 mining system proposed by Kleinschneider
et al. [54] does not completely cover all possible input costs,
and the cost proposed in their paper does not consider currency
inflation after a few decades later.

We should emphasize that it is a very complicated systematic
project to establish a large-scale helium-3 mining system on
the Moon starting from scratch. It is necessary to consider not
only the investment of equipment, but there are the structural
design of mining base construction (e.g., designing the overall
structure of a lunar mining base), operation engineering and
infrastructure (e.g., transportation of materials and equipment
to the Moon in the early stage of construction, deployment of
mining machinery, and completion the construction of mining
base by the automatic robots, etc.), settlement construction for
human on the Moon (e.g., the mining system of the Moon cannot
all be handed over to robots. There is still a need for the human to
participate, which may require the establishment of human set-
tlements and services), the design of automatic equipment (e.g.,
the design of various types of mining robots, maintenance robots,
mineral transportation machinery, and spacecraft for transferring
cargo between the Moon and Earth, etc.), and the construction
of networks for controlling various automation systems for the
mining base on the Moon. In addition, it is also necessary to
consider and make a plan for the possible risks, e.g., the Moon
has no atmosphere, the gravity is only one-sixth that of Earth,
and the lunar regolith is composed of fine and loose materials, so
it inevitably leads to dust raising and blocking mining machines
and equipment during the process of mining. Therefore, it is
necessary to develop mining machines and equipment to prevent
the blockage of lunar dust ahead of exploiting the helium-3 on
the Moon.

In general, the transportation cost of extraterrestrial mining
plays an important role [55]. However, with the development of
space transportation for decades, especially with more private
companies such as SpaceX participating in space transportation,
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we believe that the transportation cost between Earth and the
Moon will be much reduced in the future.

2) Helium-3 on the Moon: Substitute to Tritium?: The short-
age of tritium fuel may lead to the stagnation of nuclear fusion
development [56]. Helium-3, which is also used as a fusion fuel,
may be considered as a substitute to promote the development of
nuclear fusion reactors. Trittum and helium-3 can be produced
by D+D (deuterium and deuterium) nuclear reactions on Earth
under different temperatures, and the reaction equations are as
follows [57]:

D + D — n(2.45MeV) +3 He(0.817MeV)
D+ D — p(3.02MeV) + T(1.01MeV)

where n is the released neutron; p is the released proton. Nuclear
fusion in development is mainly a reaction composed of D+T
(deuterium and tritium) reaction [56]. The cost of production
of tritium by the D+D reaction is very expensive. For example,
it takes two billion US dollars to produce 1 kg tritium, that is,
the cost price is $2 million/g, which is an unbearable economic
investment [56].

Tritium nuclear fusion is a reaction of deuterium and tritium
(D+T), which produces a neutron (releasing 14.1 MeV) and a
helium-4 (releasing 3.5 MeV), with releasing total energy of
17.6 MeV. The fusion equation is expressed as [57]

D+ T — n(14.1MeV) +* He(3.5MeV).

The helium-3 nuclear fusion is a reaction of deuterium
and helium-3 (D+He-3), which produces a proton (releasing
14.68 MeV) and a helium-4 (releasing 3.67 MeV), releasing
total energy of 18.35 MeV. The fusion equation is expressed
as [57]

D 43 He — p(14.68MeV) +* He(3.67MeV).

From the above two fusion reaction equations, it can be found
that the energy released after D+T and D+He-3 reactions is ap-
proximately equivalent. Here, the energy released by tritium and
helium-3 fuels as nuclear fusion reaction materials is discussed
as follows.

The energy obtained by a specified mass of nuclear fuels
during the nuclear fusion reaction can be calculated by the
following equation:

M
P=—P, 6)
m

where M is the mass of nuclear fuels, and m is the atomic mass
of nuclear fuels; P, is the total energy produced.

1) The mass of one deuterium atomic and one tritium atomic
is ~2.014 u and ~3.018 u, respectively. u is the atomic
mass unit, 1.66x1072 g; by substituting the above pa-
rameters into (6), the theoretical energy released by 1 g of
tritium and deuterium is ~ 2.11 x 1024 MeV, correspond-
ing to ~337.12 GJ (IMeV = 1.6 x 10713J).

2) The mass of one deuterium atomic and one helium-3
atomic is ~2.014 u and ~3.016 u, respectively; by sub-
stituting the above parameters into (6), the theoretical
energy released by 1 g of the helium-3 and the deuterium
is 2.20x10%* MeV, corresponding to ~351.63 GJ.
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The energy released by 1 g of D+T and 1 g of D+He-3 fuels
is ~81 tons and 84 tons of TNT, respectively, where the TNT
equivalent is 4.184 GJ [58]. We do not need to worry about
the reservoir of deuterium because it can be produced from
seawater, and its total storage is about tens of trillion tons on
Earth [59]. The same mass tritium and the helium-3 fuel release
almost equivalent energy; therefore, we suggest that helium-3
may be a reasonable substitute for tritium as a nuclear fusion
fuel. Compared with tritium for nuclear fusion, helium-3 has
the following advantages in brief.

1) The cost of exploiting helium-3 on the Moon or Earth is

lower than that of tritium.

2) The helium-3 reservoir on the Moon reaches one million

tons.

3) A shortage of tritium.

However, it is worth noting that the use of helium-3 as a fuel
for fusion is much more energy required than that of D+T fusion
because of the coulomb barrier [60].

The cost of tritium on Earth is $30 000/g [56]. It is assumed
that helium-3 is a substitute for tritium in the future and have
the same price. The helium-3 price is at least three times higher
than its cost of exploiting on the Moon, whose mining cost is
$3850—$10250/g. Therefore, it seems profitable to mine helium-
3 resources from the lunar regolith on the Moon.

D. Proposal of Helium-3 Mining at the Chang’E-3 Landing
Area

The Chang’E-3 landing area can be treated as a potential
preselection area for future lunar helium-3 mining, it has the
following advantages.

1) Assuming that the thickness of regolith per unit area of the
Chang’E-3 is ~9.24 m, the upper limit of the estimated
helium-3 reservoir with ~445 m ? of the Chang’E-3 land-
ing site is ~84 g (the per unit area is ~0.190 g/m?), and
the lower limit is ~62 g (the per unit area is ~0.138 g/m?).
The production of 2.0 tons of the helium-3 per year only
requires the exploitation of regolith with an area of ~10—
15 km? at the Chang’E-3 landing site.

2) The Chang’E-3 landing area was located northeast of
Mare Imbrium on the near side of the Moon, which
is convenient for transportation between Earth and the
Moon [61]. The geography of the landing area is relatively
flat, with a slope of less than 15° [62], which is convenient
for the construction of mining bases and the deployment
of mining machines.

3) The landing area has been studied in detail by the
Chang’E-3 mission [23], [62], [63].

In addition, commercial mining activities can also be con-
sidered to cooperate with scientific research to reduce the cost,
e.g., building radar antenna systems for Moon-based Earth ob-
servation [64], lunar research laboratories, and Moon-based as-
tronomical telescope platforms [65]. However, the feasibility of
in-situ helium-3 mining on the Moon still faces great challenges,
which are as follows.

1) Technical feasibility. Many countries have explored the

Moon and realized the landing exploration of automatic
robots and astronauts (e.g., the United States, the former
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Soviet Union, and China). The current technology has no
difficulty in deploying mining machines on the Moon, but
it still needs the research and development of automatic
machines and equipment, which is suitable for working in
the lunar environment.

2) Scientific feasibility. The estimated helium-3 reservoir on
the global Moon is over one million tons [11]. Our result
suggests that the reservoir of in-situ helium-3 resources
may be underestimated.

3) Economic feasibility. The mining cost of lunar helium-3
is less than its economic value, but the transportation cost
between Earth and the Moon is still very expensive. For
example, NASA estimates that the cost price of returning
1 kg of material from the lunar surface is between $10 000
and $28 000 [55]. In addition, the complete scheme and
cost budget of the lunar helium-3 mining system needs to
be further improved.

4) Space policy feasibility. There is no consensus space
policy for the exploitation of lunar minerals, currently.
To reasonable utilization of lunar resources in the future,
promoting the consensus on outer space behavior will also
be beneficial to the exploitation of the Moon.

5) Moral feasibility. The exploitation of lunar helium-3
is bound to permanently change the geomorphological
features of the Moon’s surface, which may lead to
moral and ethical disputes [66]. Especially, with the
exploitation of helium-3 on the nearside of the Moon,
the changed geomorphological features will be directly
observed by optical telescopes on Earth. Therefore, before
exploiting lunar minerals (not limited to the exploitation
of helium-3), it is also necessary to reach a consensus
on the exploitation of lunar resources. It is inevitable
to change the geomorphological features of the Moon’s
surface during exploiting of the lunar helium-3 resources.
The development and progress of human society is also
a process of transforming the natural features of our
Earth. We need to find a balance between transforming
the geomorphological features and reducing the damage
to the natural environment of the Moon.

In addition, the thickness of the regolith is unevenly dis-
tributed over the whole Moon [44]. Two high-precision in-situ
radars measurement on the Moon suggest that the thickness of
regolith is >10 m, e.g., Chang’E-3 and Chang’E-4 sites [26],
[67], [68], [69], indicating that the global thickness of regolith
is likely to be underestimated.

As the candidate raw material for nuclear fusion, helium-3 has
many advantages, e.g., the nuclear fusion of D+He-3 reaction
is one deuterium and one helium-3 to form one helium-4, one
proton, and then release energy. The production of helium-3
nuclear fusion has no activated materials, which is friendly to
the environment. In the D+T reaction, they form a helium-4,
a neutron, and then release energy [70]. One of the problems
associated with the D+T fusion reaction that produces neutrons
is the activation of the walls of the reactor. So, it may be led the
radiological risk.

Although the controller nuclear fusion technology is still un-
der the research and development stage, its long-term feasibility
and possible economic benefits are enticing. Once the controller
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nuclear fusion technology is mature, its miniaturized equipment
can be used as a power supply for variable vehicles, e.g., cars,
ships, and even airplanes [71]. The helium-3 material can also be
used in gas counters of neutron detectors and national defense
security monitoring [72]. We predict that controllable nuclear
fusion based on the helium-3 fuel becomes the mainstream of
the nuclear power plant in the future, and this may change the
current world’s energy structure.

V. CONCLUSION

In summary, the Chang’E-3 high-frequency radar provides an
opportunity to measure the thickness of the regolith with high
accuracy and in-situ estimate its internal helium-3 reservoir. This
study draws the following conclusions.

1) The Chang’E-3 high-frequency radar can be used to indi-
rectly estimate the in-situ helium-3 reservoir in the lunar
regolith.

2) Without considering the underestimation of the helium-3
concentration in the lunar regolith, the helium-3 reservoir
in the area of ~445 m? regolith (its thickness of ~9.24 m)
isestimated to be ~37-51 g, and its corresponding helium-
3 content per unit area is ~0.083-0.114 g/m?, which is at
least five times higher than that of the global average.

3) Itis expected that the lunar helium-3 to replace tritium as
a nuclear fusion fuel is a possibility.

4) The exploitation of the lunar helium-3 seems to be prof-
itable.

5) The Chang’E-3 landing area can be considered as a
potential site selection for the exploitation of the lunar
helium-3 in the future.

Above all, we suggest that mining the in-situ helium-3 re-
sources on the Moon’s surface seemingly has a considerable
output-income ratio and economic benefits return, which might
be one of the effective and feasible solutions to solve the future
shortage of energy on Earth. Our results will provide a valuable
reference to evaluate the economics and feasibility of mining
in-situ helium-3 resources on the Moon.
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