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Abstract 

Recent studies have shown that dust grains can be transported in the laboratory experiments due to charging within 
micro-cavities between the particles [1, 2]. Therefore, electrostatic forces acting on the dust grains can be described as 
the repulsive Coulomb force between charged grains and the force resulting from the surface electric field due to the 
plasma sheath above the surface. In this study, we investigate different ambient plasma conditions to understand how 
the lunar dust particles are mobilized under the variation of surface potential, dust potential, electric field and the 
plasma sheath above the lunar terminator. In addition, electrostatic forces are compared to the gravity force and the 
contact forces for the micron and submicron sized dust particles, and it has been seen that the repulsive force between 
the charged dust grains can be stronger than the other forces. Finally, the current level of the experimental work is 
presented, which is prior to investigation of the impact modification on the electrostatic lofting of the silica dust grains 
in the vacuum chamber.  
Keywords: Lunar dust, lunar surface charging, dust lofting, solar wind, ambient plasma. 
 
1. Introduction 

The lunar surface directly interacts with the ambient 
plasma and solar irradiation in the absence of a global 
magnetic field and a dense atmosphere. Therefore, it is 
charged to various surface potentials depending on the 
surrounding plasma conditions in the vicinity of the 
Moon and the photoemission of electrons from the 
dayside surface. The recent orbital measurements and 
simulation studies have shown that the surface potential 
is highly variable depending on the location on the Moon 
from dayside to night side region [3-10].  

Surveyor missions observed the lunar horizon glow 
(LHG) on the western horizon in 1966 and 1968, and 
these observations suggested that the dust particles with 
~5-6 µm radius were reaching up to approximately 0.3 
meter above the surface near the lunar terminator [11].  

The Lunar Atmosphere and Dust Environment 
Explorer LADEE mission measured the dust particles 
between 20-100 km altitudes around the Moon, and the 
results concluded that the dust densities suggested by the 
LHG observations during the Apollo 15 orbit sequences 
were not present [12]. In addition, LRO (Lunar 
Reconnaissance Orbiter) The Lyman-Alpha Mapping 
Project (LAMP) UV spectrograph measurements could 
not measure any distinguishable dust densities 
suggesting any excessive brightness [13]. In both 
measurements, the solar wind conditions were 
unremarkable; however, the annual meteor showers were 
present. The difference between the measured dust 
populations requires further investigation. 

In this paper, we investigate the lofting of the dust 
particles by the electrostatic forces due to the surface 
electric field and the charging within the micro-cavities 
between dust particles. First, we calculate the minimum 
charge required by a dust particle in order to leave the 

surface. Second, the maximum height that a dust particle 
can reach after launched vertically is presented. Finally, 
we shortly discuss the current level of the vacuum 
chamber experiments in our laboratory. 

 
2. Lunar Surface Charging 

The current balance approach has been used to 
calculate the terminator region surface potential, electric 
field and Debye sheath thickness.  

The following assumptions are applied to the model 
for simplification such as:  
• The Moon is a perfect sphere. 
• The interaction with the current sources is in the 

equilibrium state. 
• The lunar surface material conductivity is almost 

zero. 
• Plasma sheath is collisionless. 
• The secondary electron temperature is taken as 2.5 

eV [14]. 
• Plasma population in the vicinity of the Moon has 

Maxwellian velocity distribution. 
• All ions are protons, and the plasma has no magnetic 

field. 
• Potential distributions in the plasma sheath are 

monotonic.  
In steady state, the net equilibrium current to the 

surface at the lunar terminator can be given as: 
 

              𝐽𝐽𝑖𝑖 + 𝐽𝐽𝑒𝑒 + 𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠 = 0 (1) 
 
The elements of Eq.1 can be described as ion current 

𝐽𝐽𝑖𝑖  to the surface, electron collection current from 
surrounding plasma  𝐽𝐽𝑒𝑒  and the secondary electron 
emission 𝐽𝐽𝑠𝑠𝑠𝑠𝑠𝑠 from the surface. 
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3. Electrostatic Dust Lofting 
3.1 Dust Charging 
Recent laboratory experiments have shown that dust 

grains can be lofted from the surface due to charging 
within micro-cavities between the particles by the 
photoemission of electrons or the secondary electron 
emission (Fig. 1), and a patched dust charging model has 
been suggested as [1, 2]: 

       𝑄𝑄𝑟𝑟 = −0.5𝜂𝜂 𝐶𝐶 𝑇𝑇𝑒𝑒𝑒𝑒  (2) 

For a single dust particle resting on the lunar 
surface; the force equilibrium can be given as: 

       𝐹𝐹𝑐𝑐 + 𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐹𝐹𝐸𝐸𝐸𝐸 = 0 (3) 

𝐹𝐹𝑐𝑐  is the contact forces between the dust grain 
surfaces whereas 𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  is the repulsive force 
between the dust grains due to charge accumulation 
within micro-cavities. In addition, 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  is the 
gravity force, and 𝐹𝐹𝐸𝐸𝐸𝐸 is the electrostatic force due to 
surface electric field.  

 
Fig. 1. Dust charging within the micro-cavities. 

To release a particle from the lunar terminator, 
the following condition must be met as below: 

               𝐹𝐹𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐹𝐹𝐸𝐸𝐸𝐸 > 𝐹𝐹𝑐𝑐 + 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔  (4) 

We can find the minimum value of the factor 𝜂𝜂 as: 

         𝜂𝜂 > 2𝑎𝑎
𝑇𝑇𝑒𝑒𝑒𝑒

√
2𝐶𝐶𝑆𝑆2
𝜋𝜋𝜋𝜋𝜀𝜀0 

+ 4𝑎𝑎𝜌𝜌𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿
3𝜀𝜀0

− 2𝐸𝐸02 (5) 

Depending on the size of the particle radius a, the 
surface electric field 𝐸𝐸0  and the lunar gravity 
acceleration 𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 can have significant influence on the 
electrostatic particle transportation. In conclusion, a dust 
particle will not leave the surface until the particle can 
collect sufficient charge within the micro-cavity or an 
external force is applied. 

 
3.2 Maximum Height Calculation 
Initial velocity 𝑣𝑣𝑜𝑜  that a separated particle can 

reach by assuming that all the electrostatic energy 
transforms into kinetic energy can be estimated as: 

     0.5 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑣𝑣𝑜𝑜2 = ∑𝐸𝐸𝐸𝐸𝐸𝐸 −∑𝑊𝑊 (6) 

It is estimated as the sum of the energy from the 
electrostatic repulsion from the surface 𝐸𝐸𝐸𝐸𝐸𝐸 and the 
work done against gravity and contact forces 𝑊𝑊. 

𝑣𝑣𝑜𝑜𝑜𝑜2 + 𝑣𝑣𝑜𝑜𝑜𝑜2 + 𝑣𝑣𝑜𝑜𝑜𝑜2 = 2
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

[∑𝐸𝐸𝐸𝐸𝐸𝐸 −∑𝑊𝑊] (7) 

𝑣𝑣𝑜𝑜𝑜𝑜 = [ 2
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

( 𝑄𝑄𝑟𝑟2
8𝜋𝜋𝜀𝜀0𝑎𝑎

+ (2𝜋𝜋𝑎𝑎2𝜀𝜀0 𝐸𝐸02 − 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿)𝑑𝑑1 
−𝐶𝐶𝑆𝑆2 (2𝑎𝑎)𝑑𝑑2]0.5 

(8) 

For the maximum height calculation, 𝑣𝑣𝑜𝑜𝑜𝑜  𝑎𝑎𝑎𝑎𝑎𝑎 𝑣𝑣𝑜𝑜𝑜𝑜  
are assumed as 0 (Eq. 8). In the experiments, the silica 
dust grains were launched from the surface with 
variety of angles; however, the vertical launch will 
achieve the maximum dust height in this case. 

 𝑑𝑑1  is the approximate distance for electrostatic 
potential energy to transform into kinetic energy. For 
micron and submicron sized grains, it has been seen 
that ℎ𝑚𝑚𝑚𝑚𝑚𝑚 ≫ 𝑑𝑑1  and  𝜆𝜆𝐷𝐷 ≫ 𝑑𝑑1 . 𝑑𝑑2  is the separation 
distance from the contact forces, and it has been 
suggested as several dozens of nanometers to cancel 
the contact forces for a dust particle [15].  

 
Fig. 2. Lofting dust grains. 

Depending on the electrostatic acceleration and 
the lunar gravity, the dust particles can have different 
behaviors within the electron sheath above the lunar 
terminator. These conditions can be explained as 
below: 
• Condition 01:    𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐸𝐸0 − 𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 > 0  

Dust particles accelerate within the electron sheath; 
therefore, they have a higher exit velocity than the initial 
vertical velocity. 
• Condition 02:    𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐸𝐸0 − 𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 < 0 

Some of the decelerating dust particles have lower 
heights than Debye length or they leave the electron 
sheath with lower velocities than the initial vertical 
velocity. Therefore, they can be expressed as: 

1. Dust particles leaving the electron sheath 
after decelerating (hmax > λD). 

2. Dust particles reaching zero velocity within 
the sheath (hmax ≤ λD). 
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• Condition 03:    𝑎𝑎𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑄𝑄𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝐸𝐸0 − 𝑔𝑔𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 0  

Dust particles move with constant speed until leaving 
the electron sheath. 

 
3.3 Simulation Results 
For the simulations, we used the plasma conditions 

we have investigated previously for the terminator 
surface charging [16, 17]. These results had been used 
together with the dynamic fountain model of lunar dust 
[18]; however, the calculations are remade since the 
charging mechanism has been changed. 
 
Table 1: Simulation Inputs for Different Conditions. 

Condition 𝒏𝒏𝟎𝟎 
(cm-3) 

𝑻𝑻𝒆𝒆 
(eV) 

𝑻𝑻𝒊𝒊 
(eV) 

𝑽𝑽𝑺𝑺𝑺𝑺 
(km/sec) 

Slow Stream SW 10.0 12.1 8.6 400 
Fast Stream SW 5.0 12.1 12.9 650 

CME Post-shock 01 20.0 14.8 43.0 600 
Early-CME 01 3.0 6.6 6.8 650 
Late-CME 01 50.0 3.2 2.6 500 

CME Post-shock 02 51.0 9.1 43 560 
Early-CME 02 0.4 4.0 1.2 450 
Late-CME 02 43.4 3.1 1.0 390 

CME Post-shock 03 25.0 32.1 61.9 710 
Early-CME 03 3.0 3.0 0.44 465 
Late-CME 03 11.4 8.5 14.3 455 

 
Table 2: Maximum dust heights in meter for dust 
particles with 0.1, 1 and 5 µm radius. 

 
The value 𝜂𝜂  in Eq.2 has been calculated as 

approximately 5.8, 18.4 and 41.1 for 0.1, 1 and 5 µm 
radius dust grains respectively. In addition, the maximum 
value of the initial vertical velocity has been found as 
6.670 m/sec, 2.158 m/sec and 0.964 m/sec for 0.1, 1 and 
5 µm radius dust grains. It is seen that the enhanced 
charging number 𝜂𝜂  increases with the particle size 
whereas the initial vertical speed after the separation 
decreases. For the maximum dust heights calculations, it 
has been seen that only the third CME post-shock 

condition was able to loft the submicron size dust grains 
up to approximately 450 meter. This is due to higher 
electron temperature together with plasma density as 25 
cm-3 since the electron temperature enhances the surface 
electric field while the Debye sheath thickness allows 
particles to accelerate within a sufficient distance. 
According to the results, the particles with 5 µm radius 
are able to reach up to approximately 29-34 cm heights 
in various ambient plasma conditions, which is in 
agreement with the upper limit of Surveyor observations 
(Table 2).  

 
3.4 Laboratory Experiments 

 
Fig. 3. Silica dust particles. 

Previous experiments have shown that the secondary 
electron emission is a critical mechanism for the 
electrostatically lofted dust particles, and initial vertical 
speed of dust particles was reported together with 
estimated charging value of 𝜂𝜂 [1,2]. We use irregular 
shape silica dust grains with 0.15 µm median size on a 
graphite plate while observing with the microscopic 
telescope in our experiments.  

 
Fig. 4. Silica dust lofting under the electron beam. 

Some of the particles leaving the surface under the 
electron beam were carrying smaller particles on their 
surfaces in some cases. Kapton tape was put in a distance 
of ~5-10 cm from the dust pound with the adhesive 
surface on the top, and this was monitored under the 
microscope at the end of each experiment. It was seen 
that single particles were collected by the adhesive 
surface of Kapton tape while clumps of dust were 
observed closer to the dust pound.  

 Dust Particle Radius 
Condition 0.1 µm 1 µm 5 µm 

Slow Stream SW 204.538 5.488 0.310 
Fast Stream SW 194.609 2.859 0.303 

CME Post-shock 01 204.681 7.472 0.317 
Early-CME 01 112.995 2.022 0.297 
Late-CME 01 63.496 3.015 0.313 

CME Post-shock 02 122.366 4.873 0.321 
Early-CME 02 83.917 1.599 0.292 
Late-CME 02 67.710 3.148 0.314 

CME Post-shock 03 453.499 15.327 0.340 
Early-CME 03 70.730 1.910 0.296 
Late-CME 03 133.057 3.500 0.306 
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6. Conclusions  
In this study, various plasma conditions are 

investigated in order to estimate the maximum dust 
heights, initial vertical speed in the electron sheath and 
the required charging number  𝜂𝜂  above the terminator 
region. It has been found that particles with 5 µm radius 
can reach the similar heights suggested by LHG 
observations. In addition, it has been seen that the 
maximum heights of the smaller particles are more 
subjected to the influence of the ambient plasma 
conditions (Table 2).  

Laboratory experiments have demonstrated the 
lofting of the silica dust particles under the electron beam 
similar to the previous experimental results [1, 2].  In 
addition, single particles were launched from the surface 
as well as the clumps of the dust grains. Future work will 
focus on the particle separation from the surface and the 
behavior of the dust particles after separation under the 
electron beam with the impact modification of dust 
launching from the surface. 
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