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ABSTRACT

Dust hazards are considered to be one of the technical challenges for future lunar exploration. In our past work a new dust mitigation technology was introduced
utilizing an electron beam to remove dust particles from various surfaces. This technology was developed based on a patched charge model, which shows that the
emission and re-absorption of electron beam induced secondary electrons inside microcavities between dust particles can lead to sufficiently large charges on the dust
particles, causing their release from the surface due to strong repulsive forces. In this paper an improvement in the effectiveness of this technology is demonstrated
with varying the beam incident angle on dust-covered sample surfaces by rotating the samples relative to the beam. Due to random arrangements of the micro-
cavities, more of them will be exposed to the beam with various incident angles, thereby causing more dust release from the surface. The cleaning performance is
tested against three samples: glass, spacesuit, and a photovoltaic (PV) panel. Lunar simulant (<25 pm in diameter) is deposited onto the sample surfaces such that the
initial cleanliness of the samples is 0 % (full dust coverage) and 40 %. Varying the beam incident angle shows an overall surface cleanliness increase of 10-20 % in
addition to the cleanliness achieved with a fixed beam angle. The ultimate cleanliness reaches 83-92 % for the glass and spacesuit samples. The PV panel coated with

MgF, is shown to be more adhesive to the dust with the maximum cleanliness of 50-63 %.

1. Introduction

Lunar dust has been recognized as an issue for human exploration
since the Apollo era. The dust can be stirred up due to robotic and/or
human activities or released by natural processes such as micromete-
oroid impacts and electrostatic lofting. As learned from the Apollo
missions, lunar dust can readily stick to all surfaces, causing damages to
spacesuits [1], degradation of thermal radiators and optical components
[2-6], and failures of mechanisms [7]. In addition, lunar dust in human
living quarters could lead to health risks when inhaled by astronauts [8,
9]. Dust mitigation is needed to ensure the success of future human and
robotic exploration, especially the long-term presence on the lunar
surface. Different types of lunar dust mitigation technologies have been
developed over the past decades [10]. These technologies include fluidal
(e.g., liquid jet, foams or compressed gases) [11-13], mechanical (e.g.,
brushing or vibrating) [4,5], electrodynamic (e.g., the Electrodynamic
Dust Shield and a photovoltaic dust removal electrode) [14-22] and
passive (e.g., surface modification for reduced adhesion) [5,23-25]
methods. These methods have both advantages and disadvantages, and
their selection depends on the dust characteristics, surface properties,
and application scenarios.

Recently, a new technology utilizing an electron beam (e-beam) to
remove dust particles from various surfaces has been developed [26].
This e-beam technology aims to clean fine lunar dust (smaller than a few
tens of microns in diameter), which has been discovered from the
returned Apollo samples [27,28]. Finer dust particles are expected to be
“stickier” due to their stronger adhesive and electrostatic forces, causing
their mitigation to be more challenging. Therefore, finer lunar dust is
expected to pose a higher risk to human and robotic exploration. Our
e-beam technology was demonstrated using lunar simulant <25 pm in
diameter. Optimal beam parameters have been found to be ~230 eV
beam energy and >1.5 pA/cm? current density. Both spacesuit and glass
sample surfaces with 40 % initial cleanliness (i.e., 60 % dust coverage)
were shown to achieve 75-85 % cleanliness on a beam exposure time-
scale of ~100 s [26].

Earlier work has shown that introducing an electron beam to a dust-
covered surface can cause dust particles to be charged and released from
the surface due to electrostatic forces [29-31]. However, explaining this
dust release mechanism was not possible using previous charging the-
ories [29,30,32,33]. A recently developed patched charge model has
provided a new insight into the fundamentals of the dust charging and
release process [34]. The model suggests that microcavities are formed
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between dust particles, and the emission and re-absorption of secondary
electrons generated by energetic electron impacts inside the micro-
cavities can result in a buildup of large negative charges on the sur-
rounding dust particles due to an intense electric field created across a
small cavity. Subsequent strong electric repulsive forces between these
negatively charged particles lead to their release from the surface. This
model is supported by several follow-up experiments [e.g., 34-39].
Based on this patched charge model, the e-beam dust mitigation tech-
nology was developed and used in a well-controlled manner [26].

In this work, we demonstrate an improvement in the effectiveness of
the e-beam technology of Ref. [26]. In the physical description of the
patched charge model, microcavities are expected to be randomly ar-
ranged between dust particles such that their openings are oriented in
different directions (Fig. 1). Only electron beams with particular inci-
dent angles can reach into the corresponding microcavities, as illus-
trated in Fig. 1 with green, blue and red beam lines. Thus, we
hypothesize that varying the electron beam incident angle relative to a
dust-covered surface will expose more microcavities to the beam,
thereby causing more dust particles to be sufficiently charged by
beam-induced secondary electrons and released from the surface [34].

This hypothesis was tested and confirmed in our experimental
demonstration in which the beam incident angle was varied by rotating
the sample surfaces relative to the beam. The following sections show
the experimental method and results on the improvements of the
cleaning effectiveness in addition to the samples being cleaned at a fixed
beam incident angle [26].

2. Experimental setup and method

The experiment was carried out in a 50 cm diameter and 28 cm tall
vacuum chamber (Fig. 2). JSC-1 lunar simulant (p ~2.9 x 10° kg/ms,
<25 pm in diameter) was uniformly deposited on a test sample (2.5 cm
x 5 cm) attached on a substrate at the end of a shaft. The deposition
procedure is described in detail in our prior work [26]. The sample
surface was exposed to an electron beam emitted from a negatively
biased hot filament mounted on the top of the chamber. The beam at the
source was ~5 cm diameter and ~20 cm above the sample surface,
creating an approximately uniform beam spot on the sample surface.
The substrate shaft was connected to a motor that continuously rotates
the sample at a slow rate of 6 rpm such that the electron beam is incident
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Fig. 1. Schematic of microcavity configurations as an example. Each micro-
cavity can only allow an electron beam (green, blue or red) with a particular
angle to enter, generating secondary electrons (SE) inside the microcavity. The
SEs deposit and accumulate large negative charges on the surfaces of the sur-
rounding dust particles of each microcavity, causing them to repel each other
and be released from the surface [34]. Varying the beam angle allows more
microcavities to be exposed to the beam and subsequently causes more dust to
come off the surface.
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on the sample surface at angles between 0° and 180°. As shown in
Fig. 2a, the electron beam source was modified from our prior config-
uration [26] by installing a grounded grid a few millimeters below the
filament to create an electric field to accelerate emitted electrons from
the filament. This electric field eliminates the space charge effect near
the filament, creating high beam currents without the need of a plasma,
which was generated with argon gas at a neutral pressure of ~0.2 mTorr
in our prior work [26]. The beam energy and current density at the
sample surface were 230 eV and 1.5 pA/cmz, respectively, which are the
optimized parameters for an effective cleaning process [26]. A
regular-speed video camera was used to record the initial surface
cleanliness and its changes throughout the cleaning process.

As described in our prior work [26], the surface cleanliness defines
the dust coverage of the test sample surface (the lower the cleanliness
the higher the dust coverage). In our experiments, the surface cleanli-
ness C is conveniently defined as [26].

C=(Ls- Lo/Lc - Lg) @

where L; is the average pixel brightness of the sample surface at a certain
point during the cleaning process, L is the average pixel brightness of
the clean surface (no dust), and Lg is the average pixel brightness of the
surface fully covered by dust. All images were taken through the same
vacuum chamber glass window with same lighting conditions to ensure
the imaging consistency throughout the cleaning process.

The effect of varying the beam incident angle on dust removal was
tested to verify the hypothesis described in Section 1. As in our prior
work [26], a dust-covered sample surface was initially positioned at 45°
to the electron beam and underwent the dust removal process until the
process stopped. The sample was then rotated ~10°. Dust release was
revived and then died down as shown from motions of dust jumping off
the surface recorded using a high-speed video camera at 2000 fps. This
process was repeated with the sample rotated to different angles,
showing that variations of the beam incident angle cause more dust to
come off the surface. This observation shows agreement with our
hypothesis.

As a control, we also tested rotation for all sample surfaces, including
the ones with full dust coverage (i.e., 0 % cleanliness), without turning
on the electron beam. We found no noticeable dust falling off the surface
due to gravity and rotation-caused vibration.

Anticipating the practical application of our technology, we note that
rotation was used to vary the relative angle between the sample surface
and the electron beam due to its relatively easy implementation for lab
testing. For lunar applications, instead of rotation, a set of electron beam
sources can be arranged at different angles, or a movable or portable
beam source can be pointed at various angles relative to a surface area
being cleaned to maximize the cleaning performance.

A full cleaning process was performed in two steps. First the sample
surface was held stationary at 45° relative to the electron beam until the
cleaning process stopped, then the rotation started and continued until
the maximum cleanliness was reached. Additional cleanliness im-
provements were observed by comparing the results between the first
and second steps. Periodically during rotation, the sample surface was
stopped at 45° to take images for consistent data analysis.

Three sample materials were tested, including glass, spacesuit, and a
photovoltaic (PV) panel. The spacesuit material was Apollo-era fabric,
obtained in 2005 from Johnson Space Center. The glass and spacesuit
materials were used in our prior work with a fixed sample position at 45°
relative to the electron beam. The PV panel is a new sample tested in this
experiment. The PV panel surface is coated with a layer of MgF», which
is an anti-reflective material. Each of the sample surfaces was tested with
two different initial cleanliness levels: 0 % (full dust coverage) and 40 %.
As described in Ref. [26], the cleanliness level also correlates to the
thickness of the dust layer as dust likely clumps together and accumu-
lates multiple layers during its deposition. The lower surface cleanliness
corresponds to a thicker layer of dust and vice versa. It was shown that
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Fig. 2. a) Schematic of the experimental
setup. An electron beam is generated using a
negatively biased hot filament on the top of
the chamber. A grounded grid is installed a
few millimeters below the filament to create

1 an electric field to accelerate the emitted

] electrons. For all the tests, the electron beam

Electron Beam

Jumping Dust

energy and current density are 230 eV and
1.5 pA/cm? respectively. Samples are
attached to a substrate and deposited with
lunar simulant (JSC-1, <25 pm in diameter).
The substrate is attached to a shaft that is
rotated at a rate of 6 rpm (blue circular
arrow) by a motor. A video camera is used to
record cleanliness changes of the sample
surface over the course of the cleaning pro-
cess; and b) Photographs of the experimental
chamber setup. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the Web version of this
article.)

Camera

(a)

(b)

the dust layer thickness is expected to affect cleaning results [26]. Each
of the tests included 3-4 trials, and their averaged results are shown in
Figs. 3-5 with the standard deviations as error bars.

3. Results and discussion

Figs. 3-5 show the cleanliness as a function of time as both cleaning
steps were completed for three samples. The sample surfaces were tested
with two initial cleanliness levels of 0 % and 40 %, which also corre-
spond to thick and thin dust layers, respectively.

In Fig. 3a, a glass sample fully covered by dust (i.e., 0 % cleanliness)
is shown to reach ~65 % cleanliness while the sample was held sta-
tionary, and the subsequent rotation of the sample increased the
cleanliness to ~85 %, showing a ~20 % improvement. The glass sample
starting with 40 % cleanliness reached as high as ~88 % cleanliness
while the sample was held stationary, and the subsequent rotation only
yielded an additional 4 % to give an overall cleanliness of ~92 %. The
size distribution of remaining dust particles after the full cleaning pro-
cess was analyzed by placing the glass sample under a microscope.
Fig. 3b shows that the remaining dust particles are mostly smaller ones
with sizes <10 pm. Their cumulative cross-section covered ~9 % of the
total analyzed area, meaning that the surface cleanliness is ~91 %, in
agreement with the brightness analysis results.
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Fig. 4 shows that the cleanliness of a spacesuit sample starting with 0
% and 40 % reached ~53 % and ~67 %, respectively, after cleaning with
the sample being held stationary. Rotating the sample increased the
cleanliness to ~83 % in both cases, resulting in 16-30 % improvements.

The significant improvements by rotation, for the spacesuit surface,
may be related to its rough surface morphology. The woven fabric has
small pocket-like features. On the one hand, these features can trap dust
particles. On the other hand, microcavities can be formed between the
dust particles and pockets, allowing more dust being sufficiently
charged and released when the beam is directed at various angles to
reach into these cavities.

Fig. 5 shows that a PV panel with full dust coverage (i.e., 0 %
cleanliness) reached ~40 % cleanliness after exposure to the electron
beam, and rotating the sample increased the overall cleanliness to ~50
%, showing a ~10 % improvement. The sample with 40 % cleanliness
achieved ~63 % cleanliness after beam exposure, rotating the sample
yielded little to no additional cleaning. The PV panel was found to be
more difficult to be cleaned than the glass and spacesuit samples, indi-
cating that its outmost layer of MgF, is more adhesive to dust. The un-
derlying reason for this difference is uncertain.

Our results show that, for most cases, rotating the samples relative to
the electron beam can result in removal of more dust to increase the
surface cleanliness by 10-20 % on average in addition to the cleanliness
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Fig. 3. a) The cleanliness as a function of time for a glass sample with 0 % (full
dust coverage) and 40 % initial cleanliness, corresponding to thick and thin
initial dust layers, respectively. The cleaning process started with the sample
held stationary 45° relative to the electron beam followed by rotation as indi-
cated by black squares. b) Size distribution of remaining dust particles after the
full cleaning process. It shows that the remaining dust particles were the finer
ones <10 pm, and the larger ones between 10 and 25 pm were mostly removed.

reached with the samples being held stationary. This effect was mostly
noticeable during the spacesuit tests. Both the stationary and rotating
cleaning processes achieved their maximum cleanliness levels on the
timescale of a few minutes or less. Additionally, the thickness of initial
dust layers showed an effect on the cleaning performance, which is more
pronounced for the samples held at a fixed angle to the beam. Similar to
the results shown in Ref. [26], thicker layers were found to result in the
lower final cleanliness, possibly due to their higher dust compactness as
a result of gravity and the subsequently decreased microcavity charging
efficiency. It was shown in this work that varying the beam incident
angle reduces the effect of the initial dust layer thickness on the overall
cleaning performance.

4. Conclusion

An improvement of the e-beam dust removal technology [26] was
demonstrated by varying the beam incident angle on sample surfaces by
rotating the samples relative to the beam. The idea was based on the
patched charge model [34]. Microcavities are expected to be randomly
organized between dust particles, and variations of the beam incident
angle will allow more microcavities to be exposed to the beam, thereby
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Fig. 4. The cleanliness as a function of time for a spacesuit sample. The initial
surface cleanliness levels and corresponding thicknesses of the dust layers, as
well as the cleaning procedure were the same as described in Fig. 3.
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Fig. 5. The cleanliness as a function of time for a PV panel sample. The initial
surface cleanliness levels and corresponding thicknesses of the dust layers, as
well as the cleaning procedure were the same as described in Fig. 3.

causing more dust particles to be sufficiently charged by beam-induced
secondary electrons and subsequently released from the surface due to
strong repulsive forces. It was recorded that additional dust came off the
surface as the beam incident angle was changed.

The cleaning performance was tested against three samples: glass,
spacesuit and a PV panel. Lunar simulant <25 pm in diameter was
deposited on the surfaces of the samples with initial cleanliness levels of
0 % (full dust coverage) and 40 %, which also correspond to thick and
thin dust layers. The cleaning began with the sample surfaces held sta-
tionary at 45° relative to the beam, followed by rotation to vary the
beam incident angle. It was shown that for most cases varying the beam
incident angle increased the final cleanliness by 10-20 % on average
after the samples were cleaned at a fixed beam angle. This effect was
most significant for the spacesuit surface. It was shown that thicker dust
layers reached a lower final cleanliness than thinner layers, as also
demonstrated in our prior work [26], but their differences were reduced
after cleaning with varying the beam incident angle. The overall
maximum cleanliness reached 83-92 % for the glass and spacesuit
samples. The PV panel coated with MgF, was demonstrated to be more
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adhesive to the dust with the maximum cleanliness of 50-63 %.

For lunar applications, one can either configure multiple e-beam
sources with different beam angles or have a movable or portable beam
source to point at various angles to maximize the dust cleaning effec-
tiveness. Such configurations will be tested in future experiments.
Additionally, future work will include the testing of a variety of samples,
including Kapton, Indium-tin-oxide (ITO), camera lenses and metals to
examine the versatility of this technology.
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