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Abstract: The in-situ utilization of lunar helium-3 resource is crucial to manned lunar landings and
lunar base construction. Ilmenite was selected as the representative mineral which preserves most of
the helium-3 in lunar soil. The implantation of helium-3 ions into ilmenite was simulated to figure out
the concentration profile of helium-3 trapped in lunar ilmenite. Based on the obtained concentration
profile, the thermal release model for molecular dynamics was established to investigate the diffusion
and release of helium-3 in ilmenite. The optimal heating temperature, the diffusion coefficient, and
the release rate of helium-3 were analyzed. The heating time of helium-3 in lunar ilmenite under
actual lunar conditions was also studied using similitude analysis. The results show that after the
implantation of helium-3 into lunar ilmenite, it is mainly trapped in vacancies and interstitials of
ilmenite crystal and the corresponding concentration profile follows a Gaussian distribution. As
the heating temperature rises, the cumulative amounts of released helium-3 increase rapidly at first
and then tend to stabilize. The optimal heating temperature of helium-3 is about 1000 K and the
corresponding cumulative release amount is about 74%. The diffusion coefficient and activation
energy of helium-3 increase with the temperature. When the energy of helium-3 is higher than the
binding energy of the ilmenite lattice, the helium-3 is released rapidly on the microscale. Furthermore,
when the heating temperature increases, the heating time for thermal release of helium-3 under actual
lunar conditions decreases. For the optimal heating temperature of 1000 K, the thermal release time
of helium-3 is about 1 s. The research could provide a theoretical basis for in-situ helium-3 resources
utilization on the moon.

Keywords: helium-3 resources; in-situ resources utilization; thermal release; lunar ilmenite; heat-
ing temperature

1. Introduction

Lunar soil, as the most accessible and widely distributed material on the Moon, has
high scientific, engineering, and economic value, especially in the field of in-situ utilization
of lunar resources [1,2]. The minerals contained in the lunar soil include ilmenite, olivine,
plagioclase, pyroxene, and so on [1,3]. These minerals can be used as building materials for
lunar bases after beneficiation and processing [4].

There is also a large amount of volatiles trapped in the lunar soil, including water ice,
helium-3, hydrogen, and so on [5–8]. Many studies have focused on the diffusion of these
volatiles on the lunar surface [9–11]. In addition, it is also of great significance to realize the
in-situ mining and utilization of the volatile resources. For example, previous exploration
and research have shown that a large amount of water ice existed in permanently shadowed
regions of the lunar south pole [6,7]. The water ice can be obtained directly on the Moon via
an in-situ thermal mining method [12]. After the purification, the obtained water ice can
be electrolyzed to produce hydrogen and oxygen, which are stored in the forms of liquid

Minerals 2021, 11, 319. https://doi.org/10.3390/min11030319 https://www.mdpi.com/journal/minerals

https://www.mdpi.com/journal/minerals
https://www.mdpi.com
https://doi.org/10.3390/min11030319
https://doi.org/10.3390/min11030319
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/min11030319
https://www.mdpi.com/journal/minerals
https://www.mdpi.com/article/10.3390/min11030319?type=check_update&version=1


Minerals 2021, 11, 319 2 of 14

hydrogen and liquid oxygen, respectively [13]. Liquid hydrogen can be used as fuel for
spacecraft, and liquid oxygen can be used for breathing of the crew on the lunar base [14].

Helium-3 is a clean fuel for controllable nuclear fusion [15,16]. The electricity can be
generated through nuclear fusion reactions with D and 3He as the fuel, which can provide
energy for the establishment and operation of a lunar base and a solution for the alleviation
of the energy crisis on Earth. Compared to Earth, helium-3 is easier to accumulate on the
surface of the Moon [17]. The helium-3 trapped in lunar soil mainly came from the solar
wind, which mainly consists of protons and electrons [18]. The solar wind also contains
rare gas isotopes such as 3He, 4He, 36Ar, and 40Ar [19]. Since the Moon has almost no
atmosphere and magnetic field, the solar wind can continue to bombard the surface of the
Moon without being deflected or attenuated, which allows the lunar soil to capture a large
amount of helium-3. It is estimated that the amount of helium-3 on the lunar surface is up
to 6.50 × 108 kg [15].

Different lunar soil minerals have different abilities to accumulate helium-3. Previous
studies have shown that it was easier for ilmenite to trap helium-3 than for other lunar soil
minerals such as olivine and plagioclase [20,21]. The crystal of ilmenite has a hexagonal
close-packed structure, and the lattice spacing of ilmenite is also similar to the size of
helium-3 atoms. Therefore, compared to other minerals, the lattice structure of ilmenite
is more suitable to trap helium-3 atoms. Since the composition and amounts of lunar
soil minerals are different in different lunar regions, especially the ilmenite distribution is
non-uniform on the lunar surface, the distribution of helium-3 also shows great differences.
For example, compared with the Mare Serenitatis region of the Moon, which is dominated
by low and medium titanium basalts (or low ilmenite abundance), the Mare Tranquillitatis
region dominated by high titanium basalts (or high ilmenite abundance) contains more
helium-3 resources [22–24].

Studying the forms and thermal release characteristics of helium-3 in lunar soil is of
great significance for in-situ thermal mining of helium-3 [25–29]. Previous studies have
shown that there were many forms of helium-3 in lunar soil [30]. Due to the bombardment
of energetic particles in solar wind on lunar soil minerals, the helium-3 atoms existed
mainly in lattice interstitials and vacancies of lunar soil minerals [30]. In addition, different
forms of helium-3 also affect the diffusion of helium-3 in lunar soil minerals, thereby
affecting its thermal release characteristics. Anufriev investigated the diffusion of helium
isotopes in lunar soil samples from Luna-24 and found that due to the radiation damage,
the diffusion of helium isotopes in lunar soil did not obey Fick’s law. Helium atoms
were bound in the damaged mineral crystals, and extra energy was required to cause the
displacement of helium-3 atoms [31]. Harris-Kuhlman et al. studied the forms and diffusion
of helium in simulated lunar soil, which was represented by ilmenite. Helium-3 and
helium-4 were implanted into the simulated lunar soil with different energies and doses via
plasma source ion implantation (PSII). It was found that four different activation energies
existed during diffusion of helium-3 and helium-4, which corresponded to the detrapping
from oxygen and constitutional vacancies and diffusion through two amorphous layers,
respectively [32]. Futagami et al. selected ilmenite and olivine to represent the simulated
lunar soil. Combined with ion implantation experiments, they studied the thermal release
process of volatiles such as helium in simulated lunar soil. They found that the thermal
release temperature of volatiles in two minerals depended on the energy and dose of
incident ions [33]. Srinivasan et al. investigated the thermal release characteristics of noble
gases (He, Ne, Ar, Kr, Xe) in Apollo 15 samples with a stepwise heating method and found
that compared with heavy noble gases the light noble gases (He, Ne) were released at lower
temperatures and the majority of them were released below 700 ◦C [26].

When studying the thermal release characteristics of helium-3, it is not only necessary
to consider the forms and diffusion of helium-3 atoms in minerals, but also the concentra-
tion profile along the implantation depth in lunar soil minerals. Gas ion probe analysis
shows that the concentration profile of solar wind injected gas in lunar soil minerals pre-
sented a shape of Gaussian distribution, which also varied with types of lunar soil minerals.
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For example, the concentration profile of helium-3 in ilmenite and plagioclase was uni-
modal, while the concentration profile in olivine was bimodal [34,35]. The concentration
profiles of helium-3 in lunar soil minerals affect the diffusion of helium-3 and its thermal
release. However, related research is currently lacking, especially microscopic studies on
the influence of the concentration profile of helium-3 on the diffusion process, and the
corresponding thermal release mechanism.

In this paper, the thermal release process of helium-3 was investigated in ilmenite,
due to its higher ability to trap helium-3 compared with other lunar soil minerals. At first,
the concentration profile of helium-3 trapped in ilmenite was investigated using numerical
simulations using SRIM (Stopping and Range of Ions in Matter) code. Then, the molecular
dynamics simulations for thermal release of helium-3 were performed to analyze the
diffusion and release of helium-3 in ilmenite on the microscale. Finally, the heating time of
helium-3 in ilmenite under actual lunar conditions was studied using similitude analysis.

2. Concentration Profile of Helium-3 Trapped in Lunar Ilmenite

The implantation of helium-3 ions into the lunar ilmenite includes the impacting of
ions on a solid surface and ions migration in the solid. In this work, SRIM-2013 software
is utilized to calculate the range and damages of implanted ions in a target [36]. It can
simulate the implantation process of helium-3 ions into the lunar ilmenite.

2.1. Theoretical Model about Implantation of Helium-3 into Ilmenite

Binary collision theory is applied between incident helium-3 ions and target ilmenite
atoms. Meanwhile, the motion of incident ions after the implantation is tracked using the
Monte Carlo method, and the particle position, energy loss, and other parameters of target
atoms are recorded. Then, the average values and statistical errors for different output
parameters are calculated [36].

There are two collision ways between incident ions and target atoms, including the
elastic collision between ions and nuclei of target atoms and inelastic collision between
ions and electrons of target atoms. For the collision between helium-3 ions and ilmenite
atoms, the energy loss of helium-3 ions per unit length is expressed as Equation (1):

S =

(
dE
dx

)
n
+

(
dE
dx

)
e

(1)

where
(

dE
dx

)
n

is the energy loss for the collision between helium-3 ions and nuclei of

target ilmenite atoms, with unit keV/Å;
(

dE
dx

)
e

is the energy loss for the collision between

helium-3 ions and electrons of target ilmenite atoms, with unit keV/Å. The inelastic
electron collision is the main energy loss for the implantation of helium-3 ions into the
ilmenite atoms.

Assuming that the incident direction of helium-3 ions is perpendicular to the surface of
ilmenite, the concentration distribution with implantation depth is shown in Equation (2):

N(x) =
D√

2π·∆Rp
·e
− (x−Rp)2

2∆Rp2 (2)

where x is the depth of implanted helium-3 ions, with unit Å; N(x) is the amount of
implanted helium-3 ions per unit volume at depth x, with unit 1/Å3; D is the dose of
incident helium-3 ions, with unit ions/Å2; Rp is the mean projected range of all ions on the
x axis, with unit Å; ∆Rp is the corresponding standard error, with unit Å.

The energy transfer of incident helium-3 ions is shown in Equation (3) [37]:

Ei
0 = Ei

p + Er
p + Ei

I + Er
I (3)
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where Ei
0 is the energy of incident ions, with unit keV; Ei

p is the energy loss of incident
ions into phonons in target atoms, with unit keV; Er

p is the energy loss of recoiling atoms
into phonons in target atoms, with unit keV; Ei

I is the ionization energy loss of incident
ions, with unit keV; Er

I is the ionization energy loss of recoiling atoms, with unit keV. In
the simulation, the target layer is divided into 100 cells with equal width. The number
of vacancies, the phonon energy in the lattice, the ionization energy loss, and the energy
transfer to recoiling atoms are calculated in each cell, respectively.

2.2. Concentration Profile of Implanted Helium-3 Ions in Lunar Ilmenite

The average speed of solar wind on the surface of the Moon is about 468 km/s and
the average energy is about 1 keV/amu [38], and the average energy of helium ions in
the solar wind is about 4 keV. The diffusion of helium-3 implanted from the solar wind in
actual lunar soil could take a long time to reach equilibrium, which led to greater depth on
the concentration profile of helium-3 in lunar soil grains compared with the implantation
depth of solar wind ions [39]. However, the long-term diffusion process of helium-3 after
implantation into ilmenite cannot be characterized via the SRIM simulation. Therefore,
the incident energy of helium-3 is increased in this work in order to obtain a similar
concentration profile of helium-3 with that in actual lunar soil grains, and the energy of
incident helium-3 ions is selected as 50 keV [40]. The dose of incident helium-3 ions is
4 × 1013 ions/cm2 and the density of ilmenite is 4.7 g/cm3. Other parameters required for
the simulation of implantation of helium-3 into ilmenite are listed in Table 1. The direction
of incident helium-3 ions is perpendicular to the target ilmenite surface.

Table 1. Parameters required for SRIM (Stopping and Range of Ions in Matter) simulation of helium-3
implantation into ilmenite.

Parameters of Incident Ions Parameters of Target Atoms

Species Energy(keV) Dose(ions/cm2) Element Stoichiometry Density(g/cm3)

Helium-3 50 4 × 1013
Fe 1

4.7Ti 1
O 3

Figure 1 shows the concentration profile of implanted helium-3 ions in lunar ilmenite.
It is seen that the concentration profile of implanted helium-3 ions in lunar ilmenite pre-
sented the shape of Gaussian distribution. The peak appeared at about 245 nm. The maxi-
mum implantation depth was about 423 nm, which was in the same order of magnitude as
the range of concentration profile of helium-3 ions in actual lunar ilmenite from Apollo
samples [34]. In addition, every collision between incident helium-3 ions and the target
ilmenite atoms produced a lattice vacancy, as indicated in red dots in the inset of Figure 1.
The impacted target atoms continued to impact other atoms, resulting in more vacancies
(white dots in the inset of Figure 1).
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3. Thermal Release Model of Helium-3
3.1. Molecular Dynamics Simulations
3.1.1. Geometric Models for Helium-3 Thermal Release

As shown in Figure 2, according to the obtained concentration profile of Gaussian
distribution, helium-3 atoms were implanted into lattice vacancies and interstitials of lunar
ilmenite for the initial configuration of the thermal release model. The dimensions of
the simulation box along x,y,z directions were 4.2 nm, 3 nm, and 3 nm, respectively. The
thickness of the trapped helium-3 layer was 1 nm, and the concentration peak appeared
at about 0.55 nm. Considering the highly vacuum condition (about 10−12 Pa) on the
lunar surface, a vacuum zone was set with a thickness of 2.1 nm over the helium layer
to accommodate the released helium-3 atoms. The concentration of helium-3 atoms was
about 3 × 1022 ions/cm3. Meanwhile, as the comparison, an initial configuration with a
concentration profile of uniform distribution was also established under the same thickness
and dose of helium-3 layer.
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3.1.2. Potential Models for Molecular Dynamics

In molecular dynamics simulations, the determination of reasonable atomic potential
parameters is crucial to the accuracy of simulation results. The Ti-Ti, Ti-O, O-O, and Fe-O
interactions can be characterized using Born-Mayer-Huggins (BMH) potential as shown in
Equation (4) [41]:

Uij(r) =
qiqj

rij
+ Aij exp(−Bijrij)−

Cij

rij
6 (4)

where Uij(r) is the BMH potential between atom types i and j; qi and qj are partial charges
of atom types i and j, respectively; rij is the distance between atom types i and j; Aij, Bij,
and Cij are empirical parameters. The detailed potential parameters for Ti-Ti, Ti-O, O-O,
and Fe-O interactions are shown in Table 2.
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Table 2. Potential parameters for Ti-Ti, Ti-O, O-O, and Fe-O interactions with BMH (Born-
Mayer−Huggins) potential.

Atom Type Aij(eV) Bij(1/Å) Cij(eV·Å6
) References

Ti Ti 35,133.15 6.25 0 [41]
Ti O 242,696.25 6.06 0 [41]
O O 1,497,693.51 5.88 17.35 [41]
Fe O 1900.21 3.45 0 [42]

The He-He, Fe-Fe, and Fe-Ti interactions can be characterized using Lennard-Jones
(LJ) potential as shown in Equation (5) [43]:

U′ i′ j′(r) =
Di′ j′

ri′ j′
12 −

Ei′ j′

ri′ j′
6 (5)

where U′ i′ j′(r) is the LJ potential between atom types i′ and j′; ri′ j′ is the distance be-
tween atom types i′ and j′; Di′ j′ and Ei′ j′ are empirical parameters. The detailed potential
parameters for He-He, Fe-Fe, and Fe-Ti interactions are shown in Table 3.

Table 3. Potential parameters for He-He, Fe-Fe, and Fe-Ti interactions with LJ (Lennard-Jones)
potential.

Atom Type D
i
′
j
′ (eV·Å12

) E
i
′
j
′ (eV·Å6

) References

He He 69.3559 0.493712 [44]
Fe Fe 206.4923 0.68 [45]
Fe Ti 398.7154 1.0103 [45]

The interatomic potential forms and parameters for He-Fe, He-Ti, and He-O interactions
were from Juslin and Nordlund [46], Wang et al. [47], and Govers et al. [44], respectively.

At the beginning of the simulation, the energy of the system was minimized with the
conjugate gradient algorithm to avoid the overlapping of atoms. Then, the system was
allowed to equilibrate using a canonical NVT (constant number of particles, volume and
temperature) ensemble at an initial temperature of 280 K. This equilibration period lasted
for 0.6 ns at a timestep of 1 fs. Next, the system was heated from the initial temperature
to the target temperatures, and the heating process lasted for 0.4 ns. Ten different target
temperatures were considered, including 400 K, 500 K, 600 K, 700 K, 800 K, 900 K, 1000 K,
1100 K, 1300 K, and 1500 K. The system was maintained at each target temperature for
0.6 ns and the results were recorded every 5 ps.

3.2. Similitude Analysis

In an actual lunar environment, the maximum implantation depth of helium-3 ions
could reach several hundred nanometers. However, the range of helium-3 trapped in
ilmenite under investigation for molecular dynamics simulation was 1 nm. Therefore,
similitude analysis is applied in this work to figure out the thermal release characteristics
of implanted helium-3 under actual lunar condition. The laws of similarity referring
to the physical variables of the model at corresponding points are proportional to its
prototype [48]. Thus, combining with scale ratios of the physical quantities and the physical
characteristics in the model, the corresponding physical characteristics in its prototype can
be obtained.

Determining the basic scale ratios is the key step in the similitude analysis. By selecting
the basic scale ratios, the scale ratios of other physical quantities could be derived. Generally,
for complete similarity, three basic scale ratios are linear scale ratio λl , velocity scale ratio
λv, and density scale ratio λρ, respectively. However, in this work, considering that the
diffusion coefficient is an important factor affecting the thermal release of helium-3, the



Minerals 2021, 11, 319 7 of 14

linear scale ratio λl , diffusion coefficient scale ratio λD, and density scale ratio λρ are
selected as three basic scale ratios. Equations (6)–(8) show the three basic scale ratios:

λl =
lp

lm
(6)

λD =
Dp

Dm
(7)

λρ =
ρp

ρm
(8)

where lp, Dp, and ρp represent length scale, diffusion coefficient scale, and density scale in
prototype, respectively; lm, Dm, and ρm represent length scale, diffusion coefficient scale,
and density scale in model, respectively.

Based on the three basic scale ratios, other scale ratios could be deduced. According
to the Einstein relationship, the diffusion coefficient can be calculated as follows [49]:

D = lim
t→∞

1
6Nmt

〈
∑Nm

j=1

(
rj(t)− rj(0)

)2
〉

(9)

where Nm is the number of particles; t is the time period; rj(0) represents the displacement
of particle j at initial time; rj(t) represents the displacement of particle j at time t; 〈. . .〉
represents the ensemble average. Therefore, the time scale ratio can be obtained as

λt =
tp

tm
=

λ2
l

λD
(10)

where tp and tm represent time scales in the prototype and model, respectively.

3.3. Calculation Process

The calculation process is shown in Figure 3. First, the implantation of helium-3 ions
into the lunar ilmenite was simulated using SRIM code. The corresponding concentration
profile of implanted helium-3 ions in ilmenite was obtained. Second, molecular dynamics
simulations for thermal release of helium-3 atoms trapped in ilmenite with different concen-
tration profiles were performed to investigate the release characteristics of helium-3. The
amounts of released helium-3 were calculated at different temperatures and the optimal
heating temperature for helium-3 thermal release was obtained. The diffusion coefficient
and activation energy of helium-3 in ilmenite were also analyzed. Finally, the heating time
of helium-3 in actual lunar ilmenite was studied using similitude analysis.
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4. Results and Discussion
4.1. Validation of Molecular Dynamics Model

Figure 4 shows the release patterns of helium between molecular dynamics simula-
tions with different concentration profiles and the thermal release experiment in ilmenite
from Apollo samples 71,501 [29]. It is seen that the helium release patterns between the
thermal release experiment in actual lunar ilmenite and the molecular dynamics calculation
results with Gaussian distribution were similar. The release peaks of both curves appeared
at about 700 K. The amount of released helium at the peak for the thermal release experi-
ment in actual lunar ilmenite was about 24%, while the amount of released helium at the
peak for the molecular dynamics calculation results with Gaussian distribution was about
27%. However, the helium release peak for the molecular dynamics calculation results
with uniform distribution appeared at about 500 K. Meanwhile, the corresponding release
amount at peak was higher than that for the other two release curves. Thus, the release
pattern of helium which was trapped in lunar ilmenite with the concentration profile of
Gaussian distribution showed more agreement with the experimental data, compared with
that with the concentration profile of uniform distribution.
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Table 4 shows the amounts of released helium with different concentration profiles at
different temperatures. It is seen that the amounts of released helium with a concentration
profile of Gaussian distribution was larger than that with uniform distribution between
300 K and 700 K. However, the amounts of released helium with a concentration profile of
uniform distribution was greater than that with Gaussian distribution at 900 K and 1100 K.
At high temperatures, the helium in deep layers started to release. Since the amount of
implanted helium in deeper layers with a concentration profile of uniform distribution was
larger than that with Gaussian distribution, the corresponding amount of released helium
was larger at relatively high temperatures.

Table 4. Amounts of released helium with different concentration profiles at different temperatures.

Temperature(K) Amounts of Released Helium with
Uniform Distribution (%)

Amounts of Released Helium with
Gaussian Distribution (%)

Differences between Two
Concentration Profiles

300 0 16 16
500 35.4 40 4.6
700 57.5 62 4.5
900 73 70 −3
1100 82 75 −7
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4.2. Determination of Optimal Heating Temperature

Figure 5 shows the variations in cumulative amounts of released helium-3 with the
temperature. It is seen that the cumulative amounts of released helium-3 increased rapidly
at first and then tended to stabilize. When the temperature was relatively low, the increase
in temperature mainly caused the helium-3 located in the shallow layer of the ilmenite to
diffuse rapidly to the surface and then be released. When the temperature was relatively
high, the helium-3 in the deep layer of the ilmenite also began to be released. In addition,
compared with the helium-3 atoms in vacancies, the helium-3 atoms located in interstitials
had a smaller binding energy, which means that the interstitial helium-3 atoms were more
unstable than the helium-3 atoms in lattice vacancies. Therefore, the helium-3 atoms in
interstitials were easier to release at lower temperature. It is seen from Figure 5 that when
the temperature was 700 K, most of interstitial helium-3 atoms were released. When the
temperature was greater than 700 K, the helium-3 atoms located in vacancies were released
due to the large energy of helium-3 at this time. However, compared with the release of
helium-3 at low temperatures, the cumulative amounts of released helium-3 with vacancies
as main trapping sites at high temperatures slowed down.
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It is defined that when the change rate of cumulative amount of released helium-3 Nre
with respect to the temperature was not greater than 2 × 10−4 K−1, the cumulative amount
of released helium-3 no longer increased with the temperature, that is,

dNre

dT
≤ 2× 10−4 (11)

At this time, the calculated temperature was 1000 K. Therefore, the optimal heating
temperature of helium-3 should be set at 1000 K and the corresponding cumulative amount
of released helium-3 was about 74%.

4.3. Diffusion Coefficient and Activation Energy of Helium-3 in Lunar Ilmenite

Figure 6 shows the variations in diffusion coefficient of helium-3 in ilmenite with
temperature. It is seen that as the temperature increased, the diffusion coefficient of
helium-3 increased exponentially. According to the Arrhenius relationship, there is [50]

D(T) =
D0

a2 ·e
− Ea

RT (12)
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where D is the diffusion coefficient, D0 is the frequency factor, Ea is the activation energy
for diffusion, a is the characteristic diffusion length, R is the gas constant and T is the
absolute temperature.
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Taking logarithm on both sides of Equation (12), Equation (12) is transformed into

ln D = ln
D0

a2 −
Ea

RT
(13)

If 1
T is selected as the independent variable and ln D is selected as the dependent

variable, the slope represents − Ea
R , and the activation energies for diffusion of helium-3 at

different temperatures can be calculated. Three average activation energies were obtained
for region 1 (temperature range from 300 K to 600 K), region 2 (temperature range from
600 K to 1100 K), and region 3 (temperature range from 1100 K to 1900 K), respectively, as
shown in Figure 6. It is seen that as the temperature rose, and the activation energy for
diffusion of helium-3 also increased, indicating that more energy was supplied to helium-3
atoms for the diffusion.

4.4. Release Rate of Helium-3 in Lunar Ilmenite

Figure 7 shows the variations in cumulative amounts of released helium-3 from
ilmenite with the heating time at different target temperatures. It is seen that in the
temperature rise stage (temperature rise from initial temperature of 280 K to target heating
temperatures), the cumulative amounts of released helium-3 increased rapidly. When
the temperatures reached the target heating temperatures in the constant temperature
stage, the increase of heating time could not further increase the cumulative amounts of
released helium-3. It indicates that on the microscale, helium-3 was released rapidly, and
the equilibrium for thermal release of helium-3 in ilmenite was reached within 0.4 ns. The
helium-3 atoms trapped in ilmenite were bound by the binding energy of the ilmenite
lattice. When the energy of helium-3 was higher than the binding energy of the lattice,
helium-3 could be released. The binding energy was related to the forms and implantation
depth of helium-3 in ilmenite. The deeper implantation depth of helium-3 led to the easier
capture for helium-3 by lattice vacancies during the process of helium-3 diffusion to the
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surface for thermal release. In addition, compared with the interstitial helium-3 atoms, the
helium-3 atoms in lattice vacancies were more stable, resulting in more difficult release
of helium-3. Therefore, on the microscopic scale, compared with the binding energy, the
heating time contributes little to the release of helium-3, which is consistent with Kuhlman’s
finding [51].
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4.5. Heating Time under Actual Lunar Condition

Table 5 shows the scale ratios at different temperatures for similitude analysis. The
calculation of the diffusion coefficient scale ratio was based on Equation (7), and the actual
diffusion coefficients of helium-3 were from Fu et al.’s experiments [40]. The linear scale
ratio was calculated according to Equation (6). Based on the concentration profile of helium-
3 via the SRIM in Section 2, the actual implantation depth of helium-3 into ilmenite was
taken as 423 nm. According to Equation (10), the time scale ratio was calculated. It is seen
from Table 5 that, in general, as the temperature increased, the time scale ratio decreased.

Table 5. Scale ratios at different temperatures for similitude analysis.

Temperature (K) Dm(cm2/s) Dp(cm2/s) [40] λD λl λt tp(s)

500 3.63 × 10−8 7.00 × 10−15 1.93 × 10−7

423

9.28 × 1011 371.13
700 5.61 × 10−8 3.75 × 10−13 6.69 × 10−6 2.67 × 1010 10.70
900 8.39 × 10−8 3.43 × 10−12 4.09 × 10−5 4.38 × 109 1.75
1100 12.75 × 10−8 1.40 × 10−11 1.10 × 10−4 1.63 × 109 0.65
1300 19.48 × 10−8 2.69 × 10−10 1.38 × 10−3 1.30 × 108 0.052
1500 29.24 × 10−8 3.88 × 10−10 1.33 × 10−3 1.35 × 108 0.054

Figure 8 shows the variations in actual heating time for helium-3 trapped in lunar
ilmenite with temperature. It is seen that as the heating temperature rose, the actual heating
time for thermal release of helium-3 decreased. When the temperature was equal to 700 K,
the required heating time was about 11 s. When the temperature was equal to 900 K, the
required heating time was less than 2 s. It indicates that for hundreds of nanometers of
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implantation depth of helium-3 in actual lunar ilmenite, when the mining temperature is
greater than 700 K, it takes a short time to release the helium-3. For the optimal heating
temperature of 1000 K, the thermal release time of helium-3 is about 1 s.
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5. Conclusions

Investigating the concentration profile of implanted helium-3 in lunar ilmenite and
its thermal release mechanism is of great significance for in-situ resource utilization on
the Moon. First, the implantation of helium-3 ions into the lunar ilmenite was simulated
and the concentration profile of implanted helium-3 ions in ilmenite was obtained. Then,
based on the obtained concentration profile, the thermal release model of helium-3 in
ilmenite was established and the thermal release process of helium-3 on the microscale was
investigated via molecular dynamics simulations. The optimal heating temperature, the
diffusion coefficient, and the release rate of helium-3 were analyzed. Finally, combining
with similitude analysis, the heating time of helium-3 in lunar ilmenite under actual lunar
conditions was studied.

The results show that the concentration profile of implanted helium-3 ions in ilmenite
followed a Gaussian distribution, and the helium-3 mainly existed in the interstitials
and vacancies of the ilmenite crystal. In addition, as the heating temperature increased,
the cumulative amounts of released helium-3 increased rapidly at first and then tended
to stabilize. The optimal heating temperature of helium-3 was about 1000 K and the
corresponding cumulative amount of released helium-3 was about 74%. The diffusion
coefficient and activation energy of helium-3 increased with the temperature, indicating
easier diffusion for helium-3 in ilmenite. When the energy of helium-3 was higher than the
binding energy of the ilmenite lattice, helium-3 could be released rapidly on the microscale.
Furthermore, the increase of the heating temperature led to the decrease of heating time
for thermal release of helium-3 under actual lunar conditions. For the optimal heating
temperature of 1000 K, the thermal release time of helium-3 was about 1 s.

For future work, the stability and thermal release ability of helium-3 at lower tem-
peratures would be investigated in order to evaluate the mining potential of helium-3 in
permanently shadowed regions at lunar poles.
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