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ABSTRACT

All astonauts who waked on the Moon remrted
difficulties with lunar dust. Thes problems were likely
worsened by the fad that the dug was dectically
charged, which enhanced its adhesive properties. In
order to develop strategies to tackle these issues it will
be necessry to advance our theoretical understandig
of the lunar dust-plasma environmert, as well as
comprehensively  characteize it with in-situ
meauremeits. Summarized here are he relevant
propeties d luna dust ad its impact onagronauts
together with a discussion of the tree main problem
areas. (1) Dust Adhesion and Abrasion, (2) Surface
Elecric FHelds and (3) DustTrangort. Also discussed
are reent calailations relating to sane of the Apollo-
era diservations together with neessary future insitu
measurements andsuggested misson strategies.

1. INTRODUCTION

From the Apollo era it 5 known that dust on the Moon
can cause seous pioblems fa exploraion activities.
Swch problems nclude adheing to clothing and
equipment, reducing exemal visibility on landings, and
causng difficulty to breahing ard vision within the
spacecaft [e.g 1,2]. Eugene Cernan commander d
Apdlo 17, gated that“ ... one ofthe nost aggravating,
resricting facets of lunar surface explorgéionis the dust
and its adhaenceto everyhing no matter what kind of
mateial, whether it be skin, suit material, metal, no
mater what it be and its restrictive friction-like action
to everythingit gets on”[1].

NASA has remgnised dud mitigation as being a priority
in its Requirements for Lunar Exploration Program
(RLEP) document (ESMD-RQ-0014), which states that
the potentl biologca impacts of the lunar
environment, including the micrometeoroid and dus
environments will be invedigated (REP-M20 and
RLEP-T20) [3]. Dust has ako been highlighted as a
priority by the Mars Exploration Program Assessment
Group (MEPAG).

An important stepin dealng with dug-relaied problems
is to understad how dust grains behave in the ambient
lunar environment This wil requre both advances n
our theoreticd undestanding together with a tharough
characerizaton of the near-suface dustplasma
ernvironment with comprehensive in-situ observations.
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This will be vital for the deelopment of reliable
miti g&tion strategis for lunarexploraton.

We shall briefly describe the properties of lunar dust
and its impact on the Apollo astronauts, followed by
descriptions of the three nain problems areagelating to
electrically-charged dust: (1) Dwst Adhesion and
Abrason, (2) Surface Eledric Fields, and (3) Dust
Tramsport. A summary is given in Table 1 of the
impacts on exploraton with relevant connections to
existing scientific expertise.

2. PROPERTIES OF LUNAR DUST

“Luna regdith” descrilbes the byer of particles onthe
Moon'’s surface generated by meteaitic impacts and is
comparable to errestrial volcanic ash [4]. The finest
comporent is referredto as dus(<100um).

Avergge regdith grain size is ~70um, (too fine to see
with the humareye), with rougHy 10 to 20% by weight
<20um [4]. Recertly, the dust compnent from Apollo
sampés has ben directly observed to contain grains as
small as0.01um [5]. Grain shapes are highly variable
ard can range from shericd to extrenely angular;
although in general they aresomewhat elongaéd [4].

The low electrical conductiviy of the regdith alows
individual dust grains to retain ekctostatic chage. On
the lurer dayside conducivity can increase with surface
temperatue and infra-red ard ultra-violet radiation [4];
therefore, this neels to be taking into acourt for
surface aml dust chaging processes.

3. DUST IMPACT ON ASTRONAUTS

Outside tre Lunar Module (LM) dust was kicked-up
during landings which significantly reduced visibility
[2]. Inside,dustwould be broughtin afte moawalks.
It wasreported by Alan Beanon Apollo 12 that “A fter
lunar liftoff ... a great quantty of dust floated fee
within the abin. This made breathingwithout a hd met
difficult, and enoudp particleswere present n the cabin
atmosphere toaffectour vision” [2].

As mentioned dust @n make breathing dfficult. It is
very possible that chronic respratory problems could
arie in agronaus due to microscopic partculates in the
lungs, egecially ater prolonged periods on the luna
surface p]. It is also possble that lunar dust is toxic.



Figure 1 Subsantial amourts of lunardust were clearly
adheingto Jadk Schmitt's gacesuit during Apalo 17.

Lunar dist resides m nea-vacwm conditons, so the
grain sufaces are covered in “unsatified’ chemical
bonds, thus making them very reative. In an
atmosphere,this “surfaceactiity” woud be pacified by
readions with the constituent gases (e.g H.O, O,, etc,
on Eath). In reponse ¢ this potential hazad, NASA
has formed the Lunar Airborne Dust Toxicity Advisory
Group (LADTAG) to devise a drateg to evaluate this
risk. Note that the Apollo astronauts were onthe Moon
for a relatively brief period 6 time, so it is not possible
to fully assssthe toxic effecs of lunardug. On Earth,
such an asessnert typicaly requires either chionic or
intense exposures.

4. DUST ADHESION AND ABRASION

Dust adheed to spaesuits (see Fig. 1) both mecharic-
aly and eledrosttically. Mechanicd adheaion was due
to the babed shapes of the dug grains, which allowed
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them to work into the fabric. Alan Bean aso notedhat
“... dust tends o rub deeperinto the garnent than ©
brush off' [2]. Eedrostatic adtesion was caised by
charging of objecs by the solar wind plagna,
photoionization and tiboeledric chaging (see Setbn
5). During Apollo, it wasfoundthat the erasive effect
of adheed dust canwear through the fabric of a
spacesuit, dragically reducing its useful lifetime [1,2].

Problems wee experieced during Luna Roving
Vehicle (LRV) excursions, with much dug being
kicked-up andcovering exposed areas [1,4], lealing to
increagd friction a& medanical surfaces The resulting
alrasive effect of dug increased wear au tear, which
significantly limited the lif etime of surfaceequipment.

From the recoery amd examnation of parts from
Suwveyor 3 during Apollo 12, it was found thatdust
acamulaton ard adheson were (geaker than
articipated [4] on bothaluminum and pained surfaces.

5. SURFACE ELECTRIC FIELDS

Charged dustadhesbn and transport on the Mo are
strongly linkedto the environmenta eledric fields. The
lunar surface dectrostatic potential can be calculdaed by
bdancing the incident elecric curens to the Mmn's
surface (i.e, in equli brium the net currert is zeo) [7].
Using this approach it can be show that the lunar
dayside chages positive, as phaoelectron curents
cawsed by sdar UV andX-rays dominate; and the luna
nightsde darges negate, since plasma elecron
curerts dominate, & illustrated in Fig. 2. It is also
posshle for the globd-scale transtion from positive to
negtive surface potetial to occur dayside d the
terminator [8,9].

A wake or “void’ forms downstreamof the Moon when
it isimmersed in the solr wind flow, asindicaed by the

Table 1. Examplesof lunar dus-relaked phenomenon, ther impact on exploration and conrecion with existing
scientific expertse (paticularly in thefield of spaceplasma physics).

obsenations from the Moon.

are modfied by this interacion.

Lunar Phenameron: Impad on Exporation: Connetion: Relevant expetise:
- Abrasion of sufaces. - Determining how charged - Surfacephysics.
Dust Adhesion - Themal Effeds. paticulatesin a pbsma interact - Plasma-surface interactions,
- Health Risks. with asurface. eg. sputtering.
Surface Bleari - Causes dud to eledro- - Understanding hov objeds charge | - Spaecraft charging.
Fiélgge edric statically adhere to oljects. in aplagma and indersolar - Probe physics.
- Drives dust trarspat. illumination. - Plasma wake physics.
- Coats eterior sufaceswith | - Understanding haw particulates _
Dust Trarspat fine layer of charged dist. interact with aplasna. - Dusty plasnaphysics.
P - Compromiseoptical - Knowing how the dust and plasma | - Planetay Rings.

- Locaing Resources.

SufaceConpostion | . itving landing sites.

- Understanding the urce and
composition of sputered ions.

- Pick-up ions, eg. from
comets.
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dashed lines kehind the Moon in Fig. 2. This
complicated interadion createdlarge eletric fields at
the termirator [10], amangd otherphenomena.

Figure 2. Sketch showing theglobd-scalecharging o
the luna surface in thesolr wind[7]. Alsoindcakd is
the shedh that actsto shield the anbient sdar wind
plasmafrom the lunar surfacechaige (not to sale).

It is ako important to realize tat the Moon sperls

abou a quarter of its orbit traversing the magnetosheath

and te tal of the magnetosphere vien it passes
nightside of the Earth[9]. Within the nagnebsplere

the plasma ernvironment is typicdly much hoter ad

more tenuots than in he solar wind flow, so suface
charging diff erssignificantly [9].

6. LUNAR DUST TRANSPORT

The Lunar Bectaand Meteorites (LEAM) expeaiment
was placed onhe lunar surfaceby Apollo 17 to deect
hypewelocity impacts fom meteoroids. Surprisingly,
the measurenents wee dominaed by high velocity
impacs (up to1 kms™) from dectostaticaly charged
dust[1]]. Interestirgly, thecounts rgisteredby LEAM
peaked around the terminator, especialy at sunrise, as
shown in Fig. 3.

Horizon glow (HG) and “dreaners’ from forward
scatered sunligh were observed alove the terminator
by both surfacelandersand astonauts [e.g., 1213]. It
was swggesed that nea-surface HG (<1m) was caugd
by scatering from levitating dust grains with radii of
~5um, with line-of-sight column dust concentrationsof
~50 cm? [12,14]. This was likely due toeledrosatic
charging of the lurer surface ard dust grains, which
caused the dust to be repdled from the like-charged
suface [e.g., 1213,14]. Note that HG was ~10 too
bright to be explained by meteoroid-generated geda
[12,14].

There wasalso eidence for 0.1um-scae lunar dust
present spaadically at much higter altitudes (~100km)
[15] (seedso Figs 1 and 3 in [16]). Observations from
the Lunokhod2 astophotoneter d the “twil ight” lunar
sky (when the Sun was =1° bdow the harizon) were
abou 20 times brighter at vsible wavelengths than
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articipated [17]. This brightnes was lkely causedby
light scatering from dustabowe the edge bthe lunar
shalow (>260 m) [17]. McCoy's model “0" for dust
concentrattons in the lunar ewsphee — inferred fom
“exces brightnes’ in Apollo 15 and 17 corord
photayraphy — showel a decrese with altitudeto: ~10°*
cm®atl km ~102 cmi® at 10km and possbly ~10°°
cm® at 100 km [13]. The scde height fr this cust
popuation was determined to be ~10 km, which is too
short to be caused by sodium or potassum gasin the
lunar exosphere (ao thesegases are too dim to be seen
by the unaided human eye) [18]. An unepected diffuse
background brightness was al® see in images dken
from the lunar surfaceduring the Apdlo 16 misson by
the Far-Ultraviolet Camera/Spectiograph [L9]. It was
speculated hat this badground brightnes coud have
been caised by elecrostatically suspeded dust [19],
which also suggests that electrostatic trarsport of dug
canoccur duringthe luna daytime [8].

It has been proposed that dust observed at high-altitudes
is elecrostatcally “lofted” by the “dynamic dust
fountan” effect [8,16], as opposed to the statc
levitation mechanism wed to explain heavier grains
nearer the suface [12,14] In the dynamic dug fourtain
model chamged dustgrains follow bdlistic trgedories,
subsequert to keing acceératel upwards through a
narrow sheath egion by the surface eledric field Thes
dug grains could affect he optical quality of the lunar
envronment for agronamical observations ard interfere
with explorationadivities[e.g., 20].
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Figure 3. Number of dust impats rajistaed ty the3
sensors of the Luna Ejectand Meteaite LEAM)
experiment per 3-hou period (integatedover 22
lunaions) as dunction of time fromsunrise [11].

Unde certan condtions it is likely that triboelectric
charging plays an important role in causng dust grains
to become highly charged a the lunar surface [21].
Triboelectric chaging is caused by both differences in
contect potential and frictional transér of charge
between grains in contad. Laboratory experiments
using JSC-1 lunar smulant have shown that individual
grains of rqy ® 50 um can acgire a trib@ectric charge
of ~10° elecrons via inter-grain cortads [21]. Dust



grains onthe lunar surface wold acquie triboelectric
charge when separated by a disturbane, such as a

meteoriti c impact.

It has receitly been suggested that fusing the lunar
regolith together usng a microwave sntering techngue
may, to sone extent, alleviate tle dus$ problem in the
arealocal to a lunar habitat [22]. This sintering plocess
would have to be regularly regoplied, snce dugt from
elsewherewould be transpaed onb treaed surfacedy

both natural ard artificia means

7. IN-SITU MEASUREMENT REQUIREMENTS

All the existing observations of the eletrodatic
transport of dustwere acqured by instuments designed
to measue sonething else (e.g., LEAM was set-up to
detect hypervelodty impacs). Therefore, it is necesary
to make targeted in-situ measurements d dust-plasma-
surface interactons on the Moon in order to fully
understand this alien ervironment This will be an

important preaursor to human exploration, which will

alow our new understanding to be applied to the
developmert of systems and quipment, particularly

critical systems such as Ife support.

Future necessary measurementsinclude:

- Determining the size and concertration of dust in
the lunar exosphere. This will show exadly how

much dust getsejeced from the suface

- Finding the surfaceelectric field height profile.
This will reveal both the sufae potertial and the
shielding scat¢ length (pobably of order the bcal
Debye length). The sufaceelectrt field is a driver
behind the eledrogatic ftansport of dust.
Obsevations can be correlated with updrean
condtions (eg., in the lar wind) to deermine

their effect on surface charging.

- Direct deedion of the mass velocity and chage
of dug grains aove the suface. A future
instrument will needto be senstive to gainswith
energies bdow the threshold of LEAM, since this
will likely dlow the detcion d the bulk d the

trarsported dust popuétion.

Characerizing the nar-surface plasma will adso be
important. For mathematical convenierce, it is often

assuned that tis plasnais quas-Maxwellian [e.g., 7].

In Table 2we list insruments that coud measure the
key dustplasma parameters discussed alove. All of
thee instruments come with significant spaeflight
heritage, and so provide a highly reliable means of
characerizing the lunar dstplasma ervironment in
Situ. These instruments can eachbebuilt with a massof
roughly 2 — 3 kg and requiring betweenabout 2 - 5W
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to operake (excluding heaters). The electron and ion
spectrometers would typicaly weigh slightly more at
around 5 kg, while a LIDAR would likely have
significantly greaer massand power requirements. The
abowe es$imates are fased on instruments that can
sdisfy the most basic obsevational requirements;
naurally, with a geatr massand powerbudgeta more
comprehensve set of measurements can be acdhieved.
These obsevations would provide vital ervironmengl
information for expeaiments testing dust mitigation
strategies, paticulary if an active resporseis required.

Table 2. Required measuemens, and exanples of
instrumentation with the neessary spaeflight heritage.

Measrenent Ingrumertation:
. Photoneter(passve)
Exosphent AU | caD imager with filters (passive)
LIDAR (adive)
Surfaceelectiic Electiic fieldsboom

fields (and maybe magnebmeter)

Dust mass velocity | Microphonetype impad sensor
and dcharge (similar to LEAM)

Plasma Electron spedrometer
charaderistics lon spedrometer

If a suite of dust-plasma instrunentation, sich as that
listed in Table 2, were flown on a surface lander ad
deployed a a single locaion, this would certaink
provide invaluable new data. However, a better option
might be to deploy a rover with instrumentation on both
its landing platform and the rover itself (as has been
dore with the imagers on the Mars Exploration Rover
platforms). The observations from the pktform would
act as a caotrol, while the over investigated dust
plasma-surface wariations dueto, for example, changes
in topagraphy and suréce compostion. Sud a lander/
rover combination coud aso accanmodatemany other
scienceinvedigationsrelevant to futureexploration.

Another option would be to make these obsewations
from orbit, which would permit a global view of the
lunar eledrodatic environment. In particular, this
would help us béter understand the effect of the lunar
wake on surface chaging and dust transpd, aswell as
gauge theextent and locaion d dustin the Moons
exosphere. A comhination of orbiter and lande-based
observations would provide bath the global perspedive
ard the precge loca measurements necesary for
undeastanding theundelying plysical processes.

8. CONCLUSIONS

In order to fully as®ssthe potential hazads posed by
eledricdly-charged dust to lunar exploration it will be
necessry to:



1. Take targeted in stu measwemerts of dust and
plasma in the lunar environment with maodern
instrumentation, and

2. Develop theory and smulations to model the
highly complicated lunar surface-dustplasma
interadions [8].

Reqguired measuremantsinclude:

- Concentration of dust in the exophere asa
function of atitude anl zenith argle [cf, 13;

- Mass, velodty and darge distibutions of
transported dust [cf, 11];

- Electricfield ard plasna (density ard temperatre)
profiles atove the suface

This can ke adieved with fairly basc gaceflight-
proven instrumenation, as listed in Table 2. These
meauremeits woud reolve the ambiguities and
uncertainties asociated with Apdlo-era observations.
Further development of our theoreticd work will be
vital in order to interpret thee impatant and exciting
new resuts|[8, 9, 16].
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