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Fully-Kinetic Particle-in-Cell Simulations
of Photoelectron Sheath on Uneven Lunar Surface

Jianxun Zhao*, Xinpeng Wei', Xiaoming He¥, and Daoru Han®
Missouri University of Science and Technology, Rolla, Missouri 65409

Xiaoping Dul
Indiana University - Purdue University Indianapolis, Indianapolis, Indiana 46202

This paper presents a modeling and simulation study of the photoelectron sheath near
uneven lunar surface. A fully Kinetic 3-D finite-difference (FD) particle-in-cell (PIC) code
is utilized to simulate the plasma interaction with local uneven surface terrain on the lunar
surface in 2-D photoelectron sheaths. The code is first validated using a 1-D plasma charging
and sheath problem by comparing with a semi-analytic solution. Good agreement is obtained.
The 2-D FD-PIC simulations present the distributions of electric potential and charged species
densities near the uneven lunar surface. It shows that the surface potential is highly influenced
by the exposure to sunlight and local Sun elevation angle. Under average solar wind conditions,
exposure to sunlight could lead to a positive surface potential with a magnitude of tens of volts,
whereas the lack of sunlight results in a negative surface potential of several volts.

I. Nomenclature

= elementary charge
= mass

= density

Boltzmann constant
= temperature

= velocity

= N3 30
]

Greek letters

¢ = electric potential

& = relative permittivity
Subscript

phe = photoelectron

ref = reference
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I1. Introduction
HE lunar surface is directly exposed to the solar radiation and solar wind plasma due to the lack of protection of the
Tglobal atmosphere and magnetic field. The interaction between the lunar surface and the charged particles leads to
a charging process on the lunar surface, causing a negative or positive surface electric potential with respect to the
ambient environment. The charging process on the lunar surface has been studied extensively [1H15]. In this paper, we
focus on the 2-D structure of the photoelectron sheath and its effects on local uneven surface terrain. A fully kinetic
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3-D finite-difference (FD) particle-in-cell (PIC) code [7, [16] is utilized to simulate the plasma interaction near the
lunar surface. The FD-PIC code is first validated by comparing the numerical results with semi-analytic solutions for a
1-D charging and sheath problem. Then we consider the 2-D surface terrain in two cases. The first case includes a
rectangular building and the second case represents a rectangular pit. Both cases represent possible landscapes of lunar
surface infrastructure for a future lunar base or colony. The objective of this study is to provide insight of potential
hazard caused by electric discharge due to large differential charging near these surface infrastructures. The rest of this
paper is organized as follows. Section [[II]introduces the photoelectron sheath model and the validation of the FD-PIC
code. Section[[V]presents the results of numerical simulation of the 2-D photoelectron sheath structure. Conclusions
are given in Section[V}

II1. Sheath Model and Code Validation

A. Sheath Model

The essential part of the semi-analytic solution of 1-D photoelectron sheath in this study follows [1]] and [4].
According to [1] and [4], there are 3 possible types of potential profiles in the photoelectron sheath: Type A, Type B,
and Type C, as shown in Fig. [T} For each sheath type, the populations of electrons are different. The solar wind electron
population contains “free solar wind electrons”, representing electrons which are able to reach the lunar surface, and
“reflected solar wind electrons”, representing electrons that are reflected by the potential barrier. The photoelectron
population contains “free photoelectrons”, representing those able to reach the infinity, and “captured photoelectrons”,
representing those attracted back to the lunar surface, due to the positive surface potential.

A

z

Free solar

Reflected solar )
wind electrons

wind electrons

Captured
photoelectrons

Type C

Free
photoelectrons

o o

Fig.1 Different populations of electrons as described in [4]

Among these three types of profile, Type A is a non-monotonic potential profile, the curve of Type A first decreases
from the surface to the minimum potential, then it increases to the potential at infinity, which is assumed to be zero. It
is believed that non-monotonic potential profiles have lower electrostatic energy than their monotonic counterparts,
therefore representing the more stable states [4} [10]. This hypothesis is then evidenced by measurements from the
Lunar Prospector [9] and the ARTEMIS missions [[L1]. Both Type B and Type C are monotonic. The curve of Type B
decreases from the surface potential to zero. Whereas the curve of Type C increases from the surface potential to zero.

The type of the photoelectron sheath largely depends on the Sun elevation angle. In this study, we focus on the
sheath structure at lunar terminator regions where Sun elevation angles are low. Thus, it is believed that the Type C
photoelectron sheath will occur on the flat surfaces. However, it is noted here that the Sun elevation angle may be greater
at local uneven places such as vertical surfaces, which can result in a more complex potential profile near these surfaces.

B. Validation of the FD-PIC Code

In this section we validate the FD-PIC code by comparing the numerical results with semi-analytic solutions
introduced in [17, 18] before conducting the 2-D numerical simulations. We consider a 1-D planar charging and sheath
problem with cold drifting ions and thermal electrons in this validation case, and compare the 1-D potential profile with
the semi-analytic solution.
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1. Plasma Conditions

The plasma species in the validation case include cold drifting ions and thermal electrons for the average solar
wind condition as considered in our previous studies [7, 16} [19] and used in Sectionm The cold drifting ions travel
perpendicular to the surface with a drifting velocity of 468 km/s. The electrons are considered as thermal with a
temperature of 12 eV. The density of both electrons and ions are 8.7 cm™. The parameters of solar wind species
are listed in Tablem It is noted here that for the validation case, we used parameters of solar wind electrons as the
normalization reference.

Table 1 Solar wind parameters

Solar wind electrons  Solar wind ions

Drifting Velocity, km/s 468 468
Density, cm™3 8.7 8.7
Temperature, eV 12 0

2. Computation Domain and Boundary Conditions

In this validation case, the computation domain has 2x2x20 PIC cells, with an object with height of 2 PIC cells
located on the surface, as shown in Fig. 2(a)] The vacuum relative permittivity is set as 1.0 (normalized by the vacuum
permittivity £9), whereas the object and ground relative permittivity are both set as 4.0, as shown in Fig. 2(b)}

z

L.

A

Vacuum £ =1.0

Object surface

. Object € = 4.0

Ground € = 4.0 Ground surface

Object

(a) Overall computation domain (b) Permittivities in computation domain
Fig. 2 Computation domain of the validation case

Both the ground surface and the object surface are set as “absorb”, which means once the electrons or ions hit these
surfaces, the particle will deposit and the charge will be accumulated on the surface. The surrounding boundaries are
set as “reflective”, thus once the particle travels across the boundary, it will be reflected back with an opposite direction
of the velocity component which is perpendicular to the boundary. The top surface of the computation domain, where is
considered as infinity with a zero electric potential, is set as “inject”, from where the solar wind ions and electrons enter
the computation domain. The parameters utilized in validation case are listed in Table[2]
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Table2 Computation domain parameters (BC means boundary condition)

Vacuum ¢ Building & Ground ¢ Surrounding BC  Bottom BC Top BC
1.0 4.0 4.0 reflective absorb inject

3. Results and Comparisons

The comparison of the numerical result and the semi-analytic solution of the validation case is shown in Fig. [3} As
it can be seen, good agreement is obtained. According to the comparison, the potential in most areas above the surface
in the computation domain is nearly zero, due to the neutrality of the solar wind density (solar wind electrons together
with solar wind ions). The negative potential above the surface is caused by the larger amount of solar wind electrons
accumulated on the surface compared with solar wind ions, due to the higher thermal velocity of the solar wind electrons.
The good agreement of the numerical result and the semi-analytic solution validated the accuracy of the FD-PIC code.

Potential along z direction
20 T T T

b T FD-PI(? |
analytic

16 1

12t 1

@ 10 F 4

Fig.3 Comparison of numerical result and semi-analytic solution, the green line represents the surface

IV. 2-D Structures of Photoelectron Sheath

A. Setup of Numerical Simulation

In this section we will study the 2-D structures of photoelectron sheath above the lunar surface. Two types of
structures were simulated: one with a rectangular building located on the lunar surface as shown in Fig. ] (Case 1); the
other with a rectangular pit on the lunar ground as shown in Fig. [5] (Case 2).

1. Solar Wind Conditions

The solar wind conditions are set to be the same as in Section [[IL.B.T] except including a horizontal component of
solar wind velocity at an angle of 10° towards the lunar surface for the polar region. The photoelectron is also considered
in this case with a temperature of 2.2 eV. The parameters of the solar wind and photoelectrons are listed in Table 3]

2. Normalization
For the 2-D simulations, parameters of photoelectron are used as normalization reference as listed in Table ] where
Ag is the Debye length of photoelectron at 90° Sun elevation angle; Tppe is the temperature of the photoelectron; 7ppe
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Fig.4 Case 1: A rectangular building
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Fig.5 Case 2: A rectangular pit

Table 3 Solar wind parameters of Cases 1 and 2 (where « is the Sun elevation angle)

Solar wind electrons  Solar wind ions  Photoelectrons

Drifting Velocity, km/s 468 468 -
Density, cm ™3 8.7 8.7 64 sin(a)
Temperature, eV 12 0 2.2

is the mass of the photoelectron; & is the Boltzmann constant; e is the electric charge; vphe,t = /kTphe/Mphe is the
reference for velocity. and nphe ref is the photoelectron number density at 90° Sun elevation angle. The PIC time is
normalized by 1/wppe, Wwhere wppe is the plasma frequency of the photoelectron at normal incidence condition (90°).

3. Computation Domain and Boundary Conditions

In Case 1, the rectangular building with dimension of 6x2x6 PIC cells (physical dimension of 8.28x2.76x8.28 m)
is located on a flat lunar surface with a shadow region behind, as shown in Fig. f(b)] Whereas in Case 2, the rectangular
pit with dimension of 50x2x6 PIC cells (physical dimension of 69.0x2.76x8.28 m) is located in the center of the lunar
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Table 4 Normalization references

Liet  Trer Myef Pret Vref Nref Tref

kT;
phe
Aa Tphe Nlphe 2 Vphe,t  Mphe,ref ©pne

surface (with thickness of 8.22 m), and nearly half of the bottom surface inside the pit is covered by shadow, as shown in
Fig. The dimension of the computation domain for both two cases are set as 150x2x80 total PIC cells (physical
dimension of 207.0x2.76x110.4 m).

The solar wind electrons and ions are traveling into the computation domain in the X-Y plane, along -z-direction.
1,800,000 macro particles representing each of solar wind electrons and ions are preloaded into the computation domain
at the beginning of the simulation (total 3,600,000 macro particles), and another ~6,000 particles for each of solar wind
electrons and ions, and ~7,500 particles for photoelectrons are injected into the computation domain in each time step.
The simulations run 50,000 steps for each case, which is ~900 seconds in physical time. The wall clock time is ~6
hours for each run.

Zero-Dirichlet boundary condition where ¢ = 0 is applied for the Z,x boundary, where is considered as infinity in
the numerical simulation. The other boundaries are all applied with the zero-Neumann boundary condition where g—ﬁ =
0.

The particle boundary condition at X, and X,y is set as “periodic”’, which means once the particle travels across
the boundary, it will enter the computation domain from the opposite boundary with the same velocities, thus the whole
domain is able to represent a relatively large area with low computation cost. The boundary condition at Yp,i, and Yiax
is set as “reflective”. The bottom surface (lunar surface and building surface) is set as “absorb”, and the top surface of
computation domain is set as “inject”. The relative permittivity of the ground and the building is set to be the same as
that in the validation case in Section The parameters of the computation domain are listed in Table 3]

Table 5 Computation domain parameters for 2-D structure

Vacuum ¢ Buildinge Grounde BCalongx BCalongy Bottom BC TopBC

1.0 4.0 4.0 reflective periodic absorb inject

B. Simulation Results and Discussion

1. Case 1

The distribution of potential, densities, and E field for Case 1 are shown in Fig. @and In Case 1, it can be seen
that the potential is nearly zero in most areas above the surface, due to the charge neutrality in these areas (see Fig. [7(a)).
The emission of photoelectrons from the building and ground surfaces, caused by the exposure to sunlight, leads to a
positive potential on the front and top surface of the building and the ground surface outside the shadow region, whereas
the lack of sunlight caused a negative potential on the dark side of the building and on the ground surface inside the
shadow region. It is reasonable that the front surface of the building has a much higher potential, because of the larger
photoelectron emission under greater local sunlight incidence angle. The numerical result shows that, the presence of
sunlight can create a differential potential as large as tens of volts between the sunlit and shadow sides of a building
located at lunar terminator regions with low Sun elevation angle.

Figure [7|shows densities of different species and E field in the computation domain for Case 1 (7(a)} Total density;
[7(®)} Solar wind electron density; Solar wind ion density;[7(d)} Photoelectron density; and[7(e)|and[7(F)} E field in
X-Z plane). It can be seen from Fig. [7(a)|that the total density is nearly neutral in most areas above the bottom surface,
which leads to a near-zero potential region in these areas (see Fig. [6).

The solar wind electron density is lower inside and above the shadow region (Fig. [7(b)), because the electrons
within this region are easily hitting and depositing on the ground and building surfaces, leading to a negative surface
potential. The negative surface potential then repels the nearby electrons, creating a region with lower electron density.
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Fig. 6 Potential in Case 1 (normalized by 2.2 V)

On the other hand, the solar wind ions skip the shadow region behind the building and create a clear wake of ion
void region (Fig. [7(c)), due to the “cold” temperature and larger mass of solar wind ions.

The photoelectrons are generated from the ground and building surfaces due to exposure to sunlight. The greater
Sun elevation angle on the front surface results in a larger photoelectron emission, whereas in the shadow region behind
the building, the photoelectron density is nearly zero (Fig. [7(d)).

The charge accumulation on the bottom surface leads to an electric field as shown in Fig. The range of the
electric field is from ~-5 V/m in the shadow region to ~10 V/m near the front surface of the building. It is believed that
the electric field inside the building, as shown in Fig. [T(f)] is controlled by both surface charge accumulation and the
permittivity of the building material.

We also analyzed the potential profiles along z at different locations along x. Figure[§8|shows the potential profiles at
locations of £ = 20, 50, 70, 96, 101, and 125. It can be seen that the potential profiles are similar at locations where
are relatively far away from the building and the corresponding shadow region (see Fig. [8(a)land[8(f)). The potential
gradient near the top surface is likely caused by the perturbation of the photoelectrons. The photoelectrons emitted
from the exposed surfaces lead to a non-zero photoelectron density above these surfaces (as shown in Fig. [7(d)). The
non-zero photoelectron density will then lead to a relatively negative potential. On the other hand, the potential is nearly
zero in the region with no photoelectrons (the middle region in Fig. [7(d)), due to the charge neutrality (see Fig. B(c)).
The large density of photoelectron near the front surface of the building, together with the high thermal velocity, results
in a highly “irregular” potential profile compared with that in other regions, as shown in Fig.
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2. Case 2

The simulation results of Case 2 representing the surface structure of a rectangular pit on the Moon, are in Fig. [9]
to[IT] Similarly, the potential is nearly zero above the surface in most areas, due to the charge neutrality of the total
density. The surface potential outside the pit is negative of several volts (see Fig. [T1(a), [T1(b)| [T1(e)]and [T1(T)), due
to the emission of photoelectrons. The magnitude of potential inside the rectangular pit depends on the size of the
shadow region. In this specific case, the shadow region is not large enough to cover the entire bottom surface inside the
pit, hence the bottom surface potential outside the shadow region is negative of several volts (see Fig. [7), whereas the
bottom surface potential inside the shadow region is more negative with a magnitude of tens of volts (see Fig. [TT(d)),
caused by the deposition of solar wind electrons on this surface, which leads to a negative charge accumulation, and the
lack of sunlight, which leads to the absence of photoemission in this region.

80

60

20

phi: -22-20-18-16-14-12-10 -8 -6

Fig. 9 Potential in Case 2 (normalized by 2.2 V)

The densities in Case 2 are also similar to those in Case 1. It can be seen in Fig. [[0(a)] the total charge density is
nearly zero in most areas above the bottom surface, leading to near-zero potential region (see Fig. [09). The density is
slightly positive above the shadow region inside the pit (see Fig. [I0(a)), because the negatively charged bottom surface
in the shadow region repels solar wind electrons nearby, creating a region with more ions. This is also demonstrated in
solar wind electron density contour as shown in Fig. [[0(b)] The solar wind ions travel mostly in a straight line (as a cold
beam), leading to a triangular region which is empty of ions in the shadow region inside the pit, as shown in Fig.
A “photoelectron void region” above the shadow region inside the pit is observed (see Fig. [[0(d)), which is caused by
the lack of sunlight on the bottom surface in the shadow region.

The range of the electric field is from ~-6 V/m in the shadow region inside the pit to ~10 V/m in front of the sunlit
surface, as shown in Fig. [T0(e)|and [TO(T)]

The potential profiles along z at different locations, as shown in Fig. [TT} present the potential structure of the
photoelectron sheath in Case 2. Similar to Case 1, the potential profiles are quite similar in the areas where are relatively
far away from the pit, due to the stable solar wind and photoelectron densities in these areas (see Fig.
and [TI()). The potential gradient near the top of the computation domain is also caused by the photoelectrons
originated from the exposed surfaces.

The potential near the front vertical surface (see Fig. [5)) inside the pit shows a highly “irregular” potential profile
(see Fig. [TT(c)), due to the large amount of photoelectrons here. There are almost no photoelectrons above and inside
the shadow region (see Fig. [T0(d)), leading to a more “regular” potential profile as shown in Fig.

10
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V. Conclusion

We conducted a series of numerical simulations and presented the 2-D photoelectron sheaths at lunar terminator
region (region with low Sun elevation angles) on the lunar surface for two surface terrains: One with a rectangular
building located on a flat surface and the other with a rectangular pit on the lunar surface. The numerical results showed
that the exposure to the sunlight and the Sun elevation angle play important roles on the surface potential and differential
charging between the surface infrastructure and the ambient environment. The higher the local Sun incidence angle is,
the larger the surface potential will be, due to the greater photoemission caused by sunlight. The vertical sunlit surfaces
have more positive surface potentials compared with horizontal surfaces at terminator regions with low Sun elevation
angle.

The density of solar wind and photoelectrons will affect the shape of potential profiles. The profile becomes more
“irregular” in front of the sunlit vertical surface, due to the larger amount of photoelectrons. The charge accumulation on
the building and ground surfaces will lead to a differential electric field with a range from several V/m negative in the
shadow region to over 10 V/m on sunlit surfaces.

Ongoing work is to extend our investigation to include a larger range of Sun elevation angles in numerical simulations,
and study the influence of the Sun elevation angle on the 2-D photoelectron sheath structures. We are also scaling up
the FD-PIC code to simulate and study 3-D photoelectron sheath structures. Future work is planned to study the dust
levitation/transport in these scenarios.
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