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A pulsed ‘plasma broom’ for dusting off surfaces onMars
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National Institute for Laser, Plasma andRadiation Physics, 077125Bucharest, Romania

E-mail: catalin.ticos@inflpr.ro
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Abstract
Dust is a challenge for the design and operation of equipment on theMartian surface, particularly for
solar cells. An efficient and robust technique for removing dust and sand from surfaces immersed in
CO2 at low pressure is presented. Theworking principle is based on a pulsed plasma jet produced
between two coaxial electrodes biased at voltages between 1 and 2 kV. A demonstration is presented
using dust particles whose chemical compositionmimic theMars soil. An array of connected
photovoltaic cells fully coveredwith dust and sand is exposed to the plasma jet. The cells open circuit
voltage ismonitored in real-time thus providing themeans tomeasure the dust removal efficiency. A
good cleaning efficiency is attained after a few shots in a geometrywhere the plasma jet is directed
perpendicularly to the dusty surface. Themain advantage of this approach lies in the opportunity to
apply it directly at about 5 Torr, the pressure of theMartian environment. A numerical evaluation
shows that the plasma drag force on a dust particle is orders ofmagnitude higher than its weight
depending on plasma density andflow speed, hence validating the principles of this cleaning
technique.

1. Introduction

Fine dust particles are ubiquitous onMars [1]. Storms or light winds can blow dust up in the atmosphere and
carry it over large distances.When the lifting force of thewind ceases the dust particles settle down and deposit as
afine layer [2]. The dust particles can range in size from a fraction of amicron to several tens or hundreds of
microns [3]. Larger sand particles ( 1 mm) are transported by saltationwhen thewind shear velocity reaches a
threshold value of a fewm s−1 at the ground level [4]. The chemical composition of the dust and sand particles
varies depending on their location. It consists predominantly of silicates andmetallic oxides (SiO2, Al2O3, FeO,
Fe2O3,MgO andCaO) [5]. A type of regolithwith a similar chemical composition andmade of volcanic ashwith
particle sizes up to 1 mmknown as JSCMars-1A can simulate theMartian dust [6].

Planners of futuremissions toMars have acknowledged that dust presence and its accumulation can be a
nuisance for several reasons [7]. It can render optical detectors or cameras inoperable by covering their view or it
can decrease the power production of solar panels by blocking the Sun rays at a rate 0.3%» per day [8, 9].
Photographs taken by probes placed onMars often showed afine dust layer covering the surface of their solar
panels.Moreover, dust and sand can penetrate through holes and slits and reach the bearings, joints and
movable parts of tools or equipment and induce unwanted frictional forces [10]. Last but not least dust can be a
potential treat for human health by inhalation if it is present inside the human habitat [11].

1.1.Dust removal onMars
Thefine dust particles are highly adherent to surfaces due to a combination of factors, such as electrification [12]
(due to a highflux ofUV radiation and low content of water vapors in the atmosphere or due to high electric
fields during storms) and chemical composition (e.g. dust with a high ferric content is easilymagnetized) [13]. In
order to solve this dust contamination problem several approaches have been proposed eachwith its own
benefits and disadvantages [14–22]. The cleaning efficiency varies largely depending on several factors, from the
type of dust removalmechanism (electrical ormechanical) to its implementation and operation. Electrical
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approaches are contactless whilemechanical ones seem to be affected by the triboelectric effect, the inherent
charging of the dust particles by friction. In the first category an established dust removal technique consists in
printing directly on the surface (insulating or dielectric) an electrostatic shieldmade of afine conductingmesh-
grid [18–20].When charged dust particles adhere to the surface a high voltage is applied on the gridwires and the
electrostatic force repels themoff. The removal process takes a relatively long time, fromminutes to several
hours for an efficient surface cleaning. A second solution consists in the use of a precipitator to collect dust
during the process of extracting oxygen, water ormethane from theMartian atmosphere [21]. A tube provided
with two electrodes produces a corona dischargewhen a high voltage is applied. The electric field drives
electrostatically the charged dust to one electrodewhere it is trapped. Bothmethods become less efficient when
the surface is coveredwith a thick layer of dust, and particularly for larger particles (e.g. in themmrange) for
which electrical levitation becomes questionable due to the particles weight. It appears that lifting off large
particles with electric fields is amajor challenge of the electrical removal techniques.

1.2. Surface cleaning by plasma jet
In order to overcome this deficiencywe propose amuchmore robust cleaning techniquewhich seems to be very
effective for awide range of particle diameters (frommicrons to 1 mmand even beyond this size, thus including
sand particles) andmuchmore rapid compared to knownmethods. The removal of dust is based on a plasma jet
produced in a pulsed discharge. A proof-of-principles demonstration is presented in the followings, by cleaning
an array of PV cells heavily coveredwith dust and sand immersed inCO2 at low pressure.

Mars atmosphere is composedmainly of CO2 (95%), N2 andAr in small percentage (2.7% and 1.6%,
respectively) and traces ofO2 andCO (each below 0.2%) [23]. The atmospheric pressure at the planet surface
varies between 3.5 and 7.5 Torr. Even at the reduced atmospheric pressure of the environment dust is susceptible
to the drag force of thewind. The drag force exerted by a flowing gas on a small spherical dust grain is thewell
known Stoke formula F r v6gas d gprn= proportional to the gas density ρ and its kinematic viscosity ν, sphere
radius rd and gasflow speed vg relative to the grain. By equating it with theweight of the particle m gd one obtains
afirst order estimate of the threshold speed for detaching a grain from a surface. Amore rigorous approach takes
into consideration the adhesion force and the effect of the surface roughness [3, 4].

It is conceivable that if dust is transported and deposited by the force of wind gusts, it can also be removed
froma surface by the same physical process. In fact self-cleaning of dust from solar panels and surfaces of rovers
cruising on the surface ofMars has beenwell documented in numerous photographs. Such a phenomenon is
called cleaning event [24]. Removal of dust from a surface by blowing gas can be effective if two conditions are
met, according to the above formula: the speed and the density of the flowing gas are large enough to provide a
strong lift off force to themicroparticles. Such studies have been conducted in gas at lowpressure similar to the
Martian atmosphere [4]. At sub-atmospheric pressure a viable alternative to a gas jet is to produce a plasma jet by
ionizing the static gas and accelerating it in an electric field. Our proposed cleaningmethod is based on this
feature. The advantages of such a technique aremultiple: the gas at the ambient low pressure is accelerated to
supersonic speed (at several km s−1) thus eliminating the need for compressed gas at high pressure, and since the
pulsed discharge lasts for a short time (sub-millisecond) the drag force exerted by the plasma (the rate of
momentum transfer) is high.

A typical device for producing dense pulsed plasma jets is the coaxial plasma gun. Plasmas produced between
coaxial electrodes have been intensely investigated beginningwith the late 60ʼs with the goal of obtaining surplus
energy from fusion reactions [25]. Later, their potential application in space propulsion has been recognized due
to their high ion density and ejection speed resulting in a high thrust force [26]. In light of the new ambitions for
human space exploration the interest for this type of discharge has been renewed recently since the
magnetoplasmadynamic accelerator is one themost powerful formof electric propulsion [27]. The plasmawind
force has been exploited in fusion applications related to the acceleration ofmicroparticles to hypervelocities
[28] or in removing dustfloating inside a plasma reactor [29]. Hypervelocity dust particles can be used as a tool
for diagnozing hot plasmas [30] or for quenching instabilities in tokamak plasmas [31].

2.Method andmaterials

A coaxial gun producing a plasma jet is shown schematically infigure 1. It is composed of twometallic
electrodes, an inner rod and an outer cylindrical shell. The two electrodes aremade of stainless steel, a center rod
with 6 mm in diameter and a cylinder with 17 mm inner diameter. The length of the coaxial gap is 64.5 mm.The
gunwas powered by a charged capacitor (C= 500 Fm ) triggered by closing a Ross high current (12 kV, 50 kA
pulsed) electromagnetic switch. In our technique the coaxial gapwas filledwith pureCO2 at the low ambient
pressure of the vacuumchamber of a few torr and an electrical discharge was initiated by applying a high voltage
on the electrodes. The radial applied electric field induces the current J between the electrodes, composed of the
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flowing electrical charges (ions and electrons) of the plasma. The electrical current passing trough the inner rod
generates a toroidalmagnetic field B. The product J B´ is the Lorentz force which accelerates axially the
plasma and ejects it out of the gun. The speed and density of the plasma flow is directly dependent on the energy
supplied into the discharge. The discharge current wasmeasuredwith a Rogowski coil (with a conversion factor
1 Vper 100A) and 2 attenuators (20 and 3 dB).

For our electrode geometry the Paschen breakdown occurred at about 650 V at 5 Torr. From the point of
view of the electrical discharge the breakdown voltage in the presence of pure CO2 should not differ significantly
from the case of aMartianmixture of gases as demonstrated in [32]. The samewith the polarity of the electrodes,
which does not seem to influence the initiation of the discharge. In the case of coaxial electrodesmade of
stainless steel the lowest value of the Paschen curve is situated between 200 and 275 V for values of the product
between the gas pressure and the radius of the inner electrode in the range 0.03–0.08 Torr cm [33].

The plasma density and temperatureweremeasuredwith a triple Langmuir probe [34, 35]. It consisted of
three identical probe tipsmade of a tungstenwirewith a diameter 0.6 mmand length 4.5 mm inserted axially
within the plasma jet at a distance of 4 cm. A constantDCvoltage (from5 to 50 V)was applied between probes

1# and 3# while the currents picked up by these probes (I I1 3= - )weremeasuredwith Rogowski coils (1 V per
1 A). The voltageVdif between the floating probe 2# and the biased probe 1# wasmeasuredwith a differential
voltage amplifier. The electron temperature is deduced from the following equation [35]:
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The ion saturation current to the probe tips is given by the equation:
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wheremi is themass of the ion (CO2
+), and A+ is the ion collection area or surface of the probe.

Figure 1.Experimental set-up and cut in the coaxial gun showing the inner electrode; the expelled plasma jet is aimed perpendicularly
at an array of PV cells coveredwith JSCMars-1A.
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High quality identical PV cells were positioned horizontally in the vacuumchamber at a varying distance
from the coaxial gunmuzzle, as shown infigure 1. The cells (model# SMH2-0480)weremonocrystalline (c-Si)
and coveredwith Polyurethane. They had an area 27.68 cm2 (the exact size was 67.5 41´ mm2 and thickness
1.8 mm). Their open circuit voltagewas 1.32 V in standard test conditions. Either one cell or an array of three
cells positioned next to each other, as shown infigure 2(a), were tested independently. The cells were illuminated
through the side viewport of the vacuum chamber by a photographic lampwith 48 LEDs disposed circularly on a
ring and delivering a luminousflux of 10 lm/LED. The average illuminance of the PV cells was 1245 lx. The
photographic lampused to illuminate the dusty or clean PV cells had a diameter of 10 cmand it was placed at
6 cm from thefirst cell outside the vacuum chamber. A 99%optical transmissionwas taken for the glass viewing
port of the chamber. Only the upper half of the lamps LEDswere actually situated above the plane of the cells and
contributed to the incident light falling upon the cells surface. The illuminance was 2460 lx for the cell closest to
the lamp, 880 lx for themid cell and 400 lx for the farthest cell.

The JSC-Mars 1AMars simulant is a brown powder obtained fromvolcanic ash andmade up of particles
with sizes from a fewmicrons up to 1 mm, as shown infigure 3(a).More details concerning the irregular shape of
the smallest particles are provided infigure 3(b) obtainedwith a scanning electronmicroscope (SEM). Its
chemical composition inferred by energy dispersive x-ray analysis (EDS) shows a high content ofO2 (42.5%), C
(16.2%), Al and Si in the same proportion ( 11.8%) and Fe (11.3%). A low content of Ca (2.2%) andTi (1.8%) is
found, while there are traces ofMg,Na andMn (∼0.45% and∼0.4%, respectively). These results are in good
agreementwith the analysis presented byAllen et al [6]where themain identified compounds are SiO2 (43.5%),
Al2O3 (23.3%), Fe2O3 (15.6%), CaO (6.2%), TiO2 (3.8%), andMgO (3.4%) . The grain size distribution given in
table 1. is not uniform: the larger particles of a few hundredmicrons are prevailing. Themass density of JSC
Mars-1A is 1.91r = g cm−3 [6].

Figure 2.Top view of an array of three PV cells with a total area 83 cm2 connected in series: (a)no dust present; (b) fully coveredwith
dust and sand; (c) partially cleaned after 20 shots at 1 kV. The PV cells were photographed after opening the vacuum chamber and
removing the coaxial gun.
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3. Results and discussion

3.1. Cleaning efficiency onPV cells
The open circuit voltage of the clean PV cells wasV 0.3 Voc0

1 2 =( ) when illuminating half a cell,V 0.6 Voc0
1 =( ) for

one full cell, whereas for the array of all three cells connected in seriesV 1.4 Voc0
3 =( ) . The cells were then

thoroughly coveredwith a 1 mm layer ofMartian simulant JSCMars-1A as shown infigure 2(b) blocking
completely the incident light on the cells, and insuring thatV 0 Vi

oc0 =( ) with i=1/2, 1 and 3, respectively. The
coaxial gunwasmounted vertically, and centered above the cells depending on their arrangement.When
operatingwith half a cell the other half wasmasked by an opaque tape.When operating with the full cell the
coaxial gunwas pointing towards the cell center while for the case of the three-cell array it was centered above the
mid-cell. The coaxial gunwasfired successively at regular time intervals of about 2 min, leaving sufficient time
for charging up the capacitor. The voltage delivered by the individual cell or the cell arraywasmonitored
continuously andmeasured after each shot. The cleaning efficiencywas inferred as the ratio
E V V 100 %i i i

oc dusty oc0
= ´ ( )( )

( )
( ) ( ) after a series of shots, whereV i

oc dusty( )
( ) is the voltage of the cell or of the cell

array (i= 1/2, 1 and 3, respectively)with dust on its surface. The results are shown infigures 4(a)–(c)where
measurements have been carried out for a half cell, a single cell and an array of three connected cells, respectively.

The results for a single shot are as follows: E 371 2 =( ) %–18% (figure 4 (a)) and E 181 =( ) %–15% (figure 4
(b)) for the range of distances between 5 and 11.5 cm, respectively. At an intermediate distance of the above
range, i.e. at 9 cm, E 20%3 =( ) (figure 4(c)). After a few shots and at the closest distances, between 5 and 9 cm,
E 99%1 2 »( ) whichmeans that a total cleaningwas rapidly obtained. For obtaining the same cleaning efficiency
at 11.5 cm, 16 shots were required.We note that the number of shots increases exponentially with distance in
order to obtain a complete surface cleaning. For the single cell E 99%1 »( ) after 6 to 8 shots at a distance between
5 and 9 cm,while at 11.5 cm about 18 shots were needed. In the case of three cells the efficiency increases slowly
with the number of shots at distances of 8 and 9 cm, reaching a saturation value E 80%3 =( ) after 20 shots. The
partial cleaning obtained in the setupwith three cells is expected as the side cells were not directly exposed to the
plasma jet. However, the shockwave produced by the fast propagating plasma jet is reflected along the surface of
the cells and entrained the dust particles in a sidewaysmotion.

3.2. Cleaning efficiency byweighing dust
An alternativemethod for inferring the cleaning efficiency consists in weighing pre- and post-plasma exposure
some samples whose surfaces were coveredwith dust. The coaxial gunmuzzle was placed 1 cm far from each
sample and the center axis of the plasma jet was at about 1.5 cm from the surface. In this case the plasma jet was
parallel with the surface [36]. Several identical platesmade of glossy cardboardwith an area 29.61 cm2

(51.5 57.5´ mm2)were fully coveredwith dust simulant JSCMars-1A. Themass of a cardboard plate was

Figure 3. (a) Image of dust simulant JSCMars-1A showing particles as small as 10 μm (the smallest visible dots) and as large as 1 mm;
(b) zoom-in imagewith size 52.5×45.5 μmobtainedwith a SEM.

Table 1.Grain size distribution, from [6].

Size (μm) <5 5–52 53–149 150–249 250–449 450–1000

Weight (%) 1 5 19 24 30 21
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1.1772 g. Themass of dust deposited on a sample varied between 0.4997 and 0.6029 g. Themassmeasurements
were carried out with a high precision balance having an accuracy 10−4 g.

The use of the glossy cardboard demonstrates that the techniqueworkswith other types of surfaces aswell
and it gives an indication of the precise dust quantity that can be removed.Weightmeasurements with this
accuracy are possible only within some limitedmass ranges allowed by the high precision balance. The
cardboard sheets are light whereas the PV cells are two heavy comparedwith the dust deposited on their surface.

The cleaning efficiencywasmeasured considering the total weight of each sample including that of the dust:
E M M M1 100 %dusty clean dust= - - ´[ ( ) ] ( ), whereMdusty andMclean are themasses of the sample with and
without dust, respectively, andMdust is the initialmass of dust on the sample.

At 1 kVE increases with roughly 10%–15% per shot, as shown in table 2. At 2 kV thefirst shot achieved
E 82.3%= , while for the next two shots E increased by 7%» . It should be noted that at 2 kV the released energy
into the discharge is larger by a factor of 4 compared to the 1 kV shot. For 1.5 kV shots the efficiencies are
approximately in-between those obtained at 1 and 2 kV.

One important feature of this cleaning technique is the use of a high voltage in the few kV range (only 1–2
kV)which implicitly requires a relatively low amount of stored energy. At 1 kV the 500μF capacitor stored 250 J
and given the peak value of the pulsed current obtained, the corresponding peak powerwas 7MW.The goal was
to use as little energy as possible and the trade-off is between choosing the charging voltage of the capacitor (or
energy level) and the generation of sufficiently high discharge current at a given gas pressure in order to produce
enough plasma thrust for pushing the dust particles.

Coaxial guns are known for electrode sputtering due to the high radial electric fields. An additional benefit of
working at 1 kV is keeping the sputteredmaterial at low levels as we found no significant contamination on the
surface of the PV cells aftermany shots. It should be pointed out however that contamination due to electrode
erosion is less of an issue for surfaces coveredwith a thick layer of dust since the detachedmaterial from the gun
electrodes collides first with the dust particles, and thereafter with the surface.

Another aspect is that the electromagnetic noise associatedwith the flowing pulsed currents of only a few kA
did not interfere with the proper functioning of the PV cells or other pieces of electronic equipment nearby.
Cleaning of the solar panels can be achieved bymounting the coaxial plasma gun on amobile robotic arm. Firing

Figure 4. (a)Cleaning efficiency depending on the distance between the coaxial gun and cells surface: (a) for a half PV cell; (b) for one
full cell; (c) for three cells positioned next to each other as shown infigure 2.

Table 2.Cleaning efficiency E %( ) of a dusty cardboard surface depending on
the number of shots at 1, 1.5 and 2 kV, respectively.

Voltage (kV)
Number of shots

1 2 3 4 5

1 14.4% 27.2% 39.2% 49.3% 64.3%

1.5 21.5% 45.2% 56.0% 61.6% 80.2%

2 82.3% 90.1% 97.0% na na
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the plasma jet at an angle could guide the ejected dust along a controlled direction until all dust particles would
eventually be pushed out of the cells surface.

3.3. Cleaning effectiveness (CE)
A comparison between surfaces with different areas and having different cleaning efficiencies is not
straightforward, as is the case of the PV cells and the cardboard sample used in the experiment. In order tomake
such a quantitative evaluation a newphysical quantity is introduced: the CEwhich is defined as the cleaning
efficiencymultiplied by the area of the cleaned surface: E SCE % 10 2= -( ) · · cm2( ). Basically, CE is the same
when cleaning two different areaswith 1 cm2 and 2 cm2 but with 100%and 50%efficiency, respectively.

The cleaning effectiveness is evaluated in the case of three consecutive shots (offigure 4) for half a PV cell,
one full cell and three connected cells at 1 kV and 9 cmdistance: CE 12.5, 16.3= and 23.8% cm2, respectively.
In the cases of the cardboard sample (for 1, 1.5 and 2 kV) the three consecutive shots produce the following
values: CE 11.6, 16.6= and 29.6% cm2, respectively. One can see that at 1 kVhalf of the PV cell (E 93.5%=
and S= 13.34 cm2) ismore effectively cleaned than the cardboard sample (E 39.2%= and S= 29.61 cm2). On
the other hand, the cardboard sample is roughly as effectively cleaned at 1.5 kV (E 61.2%= and S= 29.61 cm2)
as one full PV cell at 1 kV (E 56.0%= and S= 26.68 cm2).

Differences in the cleaning efficiencies can arise from the tribological properties of the surface. A direct
determination of the friction coefficient has been carried out using a standardCSMball-on-disc tribometer
equippedwith a 6 mmdiameter saphire ball and set at 0.25 N applied force: for the PV cell 0.19 0.02PVm = 
and for the glossy cardboard sample 0.04 0.01cardboardm =  .

3.4. Energy budget for cleaning operation
In order to asses the validity of this proposed cleaning technique froman energy budget point of view, an
estimate of the consumed energy for cleaning a given area relative to the solar energy produced by the same area
is evaluated.We consider here solar cells with an area 83 cm2, similar with that of the three connected PV cells of
our experiment. The total peak irradiance at the surface ofMars varies largely depending on sun elevation,
amount of dust in the atmosphere, seasonal variation and direct and diffusive irradiation. An average value is
however provided byHaberle et al in [37] for theViking Lander 1 site: 3 kWhm−2 per day.With state of the art
triple junctionGaAs solar cells having a 30%efficiency, as those produced for space applications, a total electrical
solar power of 900W hm−2 per day can be obtained, which is equivalent to 3.24MJm−2 or 324 J cm−2. A PV
arraywith an area 83 cm2would therefore produce 26.9 kJ daily. If 20 shotswill be used to clean this array then
5 kJwill be needed (at 250 J per shot corresponding to 1 kV shots)which represents about 18.6%of the daily
energy production rate.With this amount of energy only 5 shots will be possible at 2 kV, but in this case the
removal efficiency is also higher. The operation of the coaxial gun seems therefore feasible. However this
situation is not encountered often because strong dust stormswhichwould completely burry the solar cells in
sand are not produced on a daily base, and therefore a thorough cleaning of the solar cells would be performed
once every period.

3.5. Plasma diagnostics
The operation of our coaxial gunwith prefilled gas at a few torr can bewell described by the snowplowmodel
[38]. In this approach a thin plasma sheath is formed at the back of the electrodes and travels along the gun axis as
an ionization shockwaves towards the front end of the gun.Numerical simulations carried out for the
parameters of our experiment have produced results consistent with themeasurements, i.e. the plasma plume
speed in the range of 1–5 km s−1 and peak discharge currents of 6–12 kA [39]. This regime is different from the
deflagration operationmode induced by puffing gas inside the coaxial gapwith electrodes biased at tens of
kV [40].

In order to characterize the ejected plasma the speed of the plume has been imagedwith an ICCDcamera.
Figure 5 shows the sequence of images (a)–(f) recorded at differentmoments from the time zero of the discharge
current. The average plasma plume speedwas 1.4±0.2 km s−1 obtained at 1 kV and 5 Torr, and is a factor of 5
larger than the sound speed inCO2 (∼285 m s−1). For 1.5 kV the speed of the plasma jet was 1.6±0.3 km s−1

while at 2 kV it was 1.9±0.3 km s−1. The rapidly expelled plasma jet from the gun nozzle shown infigures 5(a)
and (b) is pushing against the inert gas and creates a shockwave observed infigures 5(c) and (d). The shockwave
ismoving axially and expands transversally as seen in the images (e) and (f) offigure 5. It is the collision of the
shockwave and its sideways expansion that impinges upon the dust particles situated on the PV cells at several
centimeters from the gun axis.However, the dust which is relatively far positioned and interacts little with the
plasma is not affected and stays on the surface as seen infigure 2(c)where a dust layer in the shape of a ring is not
removed.
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In the pressure range 1–5 Torr the discharge current had a peak value of 7 kA at 1 kV and 14 kA at 2 kV,while
the discharge periodwas approximately 350μs, as shown in figure 6(a). The peak electron temperaturewas
found to beT 10e  –12 eVwhile the peak electron density was n 7 10e

20´ m−3
–1021 m−3 for 1 kV shots, as

shown infigures 6(b) and (c), respectively. In the case of 2 kV shotsT 11e  –14 eV, while n 10e
21

–2 1021´ m−3. For shots at 1.5 kVT 10e  –13 eV, and n 9 10e
20´ –1.5 1021´ m−3.While the ion

temperature has not beenmeasured, it is supposed that the ions are cold (T 1i  eV) and the ion heatflux to the
surface is negligible. Themean free path of CO2molecules at 5 Torr is 12 mm» while theDebye length for the
measured plasma parameters is 0.6 0.9 mDl m» – .

Figure 5. (a)Plasma jet exiting the coaxial gunmuzzle; (b)–(f) plasma jet expanding inCO2 at 5 Torr. The images in (a)–(f) had an
exposure of 0.5 μs andwere acquired from time zero of the discharge current rise at 46.5μs, 57.1μs, 66.2μs, 75.0μs, 84.7μs, and 94.8
μs, respectively.

Figure 6.A1 kVplasma shot: (a) discharge current Id and triple-probe currents I1 and I3mirroring each other; (b) electron
temperature; (c) electron density.
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3.6. Plasma drag force on a dust particle
The plasma drag force exerted on a spherical dust particle by an ionized gas is [28, 41]:

F r k T n G s2 , 4Bplasma d
2

i i 0p= ( ) ( )

where

G s s
s

s s
s
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k TB i is the ion temperature (in our caseTi= 0.025 eV), ni is the ion density (ni= ne), and vp is the plasma jet
speed. The force is numerically simulated and shown infigure 7. It takes into account the collisional ion drag
which depends on the plasma jet speed, the plasma density and the dust radius andmass. Since the dust particles
aremuch larger than the plasma screening length (rd Dl ) the orbital ion drag force which arises from the long
rangeCoulomb interactions of ionswith a charged dust particle is neglected [42]. In fact 1 mDl m< and
r 5 md  m for 99%of the dust inventory, as shown in table 1.

The plasma drag force Fplasma relative to the dust weight m gd is evaluated for the following plasma jet
densities: n 7 10i

20= ´ ,1.5 1021´ and 2 1021´ m−3. Also the dust weight has been considered on Earth and
onMarswhere the gravitational acceleration is about 2.6 times lower.

On Earth, for the smallest dust particle with a diameter of 1 μm F m gplasma d is 108» and 1010» for the
lowest and highest plasma densities considered, respectively. As the diameter of the dust grain increases up to
1 mm, the ratio of forces drops quickly to 1.4 102» ´ and 6.3 103» ´ , for the two cases. OnMars however,
dust lift off by the plasma drag force seems to bemuchmore effective. At the lowest plasma density and for the
1 mmdust grain, the plasma drag force is over 3 orders ofmagnitude higher then its weight ( 103» ), while at the
highest plasma density this ratio goes to 5.6 104» ´ . At the same time, for the 1 μmdust grain the force ratio is
between 109» and 1011, for these two plasma densities. Similar drag force ratios are observedwhen comparing
the following two cases: the lowest plasma density (i.e. 7 1020´ m−3) andMars gravity with themid-value
plasma density (i.e. 1.5 1021´ m−3) and Earth gravity. As a general remarkwe can assert that the plasmawind
force ismany orders ofmagnitude larger than the dust weight in all discharge conditions that we tested, while for
the largest dust grains it is sufficiently high in order to achieve a good surface cleaning.

4. Conclusions

In an attempt to imitate the natural cleaning of surfaces onMars bywindswith a speed in the fewm s−1 range, we
propose a robust technique for dusting off surfaces using a pulsed plasma jet which features a plasmawind speed

Figure 7. Logarithm of the plasmawind force relative to theweight of a spherical dust particle for the gravitational accelerations on
Earth (gE=9.81 m s−2 with continuous line) andMars (gM=3.71 m s−2 with dotted line), and for the following values of the plasma
density n 7 10e

20= ´ m−3 (black curves), 1.5 1021´ m−3 (red curves) and 2 1021´ m−3 (blue curves), corresponding to shots at 1
1.5 and 2 kV, respectively.
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3 orders ofmagnitude higher, in the km s−1 range. The plasmawas created in a dischargewith two electrodes
having a coaxial geometry in aminiature configuration of a few centimeters in size, at the pressure of theMartian
atmosphere. Among the obvious advantages of this newmethod is the efficient cleaning of any type of surfaces
with differentmorphology including those of solar cells, only after a few shots. The gunwas operated at voltages
between 1 and 2 kV in order tominimize the required energy per pulse and a demonstration on a dusty set of PV
cells was carried out using only 250 J per pulse. Diagnostics of the pulsed plasma jet using a Langmuir triple
probe and a high speed ICCDwere carried out for inferring the plasma density and temperature and the plasma
flow speed. The plasma drag force acting on the dust particles is numerically evaluated using amodel for ion
collection on the dust surface by direct impact collisions. An EDS chemical characterization of the JSC-Mars-1A
dust simulant was carried outwhile details about the size and shape of the particles were obtained in a
microscopic image obtainedwith a SEM.
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