
1 

M. Horanyi and the CCLDAS Team	



19
74
Ap
&S
S.
.2
6.
..
47
C

Dusty Plasma Processes on the 
Surfaces on Airless Planetary Objects 

Objects without a global magnetic field or an atmosphere in a flowing plasma:���
Moon, Phobos, Deimos, Asteroids, moons in planetary magnetospheres 	





2 

human spaceflight 
and operations 

Dust - Plasma Environment  

7 J. Carpenter, 2012	
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                       Many issues remained open.	



Images shortly after 
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LEAM:	


Lunar Ejecta and 
Meteorite Experment	
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Lunar Science and Engineering: charge state, the size and velocity 
distribution of levitated/transported lunar fines as a function of local 
time, and position along the lunar orbit.	


	


	


Basic Plasma Science: buildup and collapse of a plasma and 
photoelectric sheath, and its changing properties with dust loading.	


	


	


Planetary and Astrophysical Sciences: Understand the mechanism 
leading to dust transport on airless bodies. Reliably distinguish 
between interplanetary and interstellar grains, measure their fluxes, 
size and velocity distributions, and composition.	



Dusty plasma issues are relevant to several groups.	
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Magnetic fields can be important.	



•  Moon’s%dynamo%history%

•  Space%weathering%(solar%wind%/%meteoroids)%
•  Distribu8on%of%water%

Kramer et al., 2011 

10%

Clemen8ne%750%nm%reflectance% OH%abundance%derived%from%M3%

30%km%

Solar Wind Shielding by Magnetic Field (Hood and Schubert 1980) 
Issue: Micrometeoroids 

Hood and Schubert, 1980	





6 

Small-scale experiments are helpful. 	



[3] Siscoe and Goldstein [1973] modeled two basic
interaction modes: (1) deflected currents that close above
the surface when the dipole axis is perpendicular to the
surface and (2) deflected currents that intersect the lunar
surface when the dipole axis is parallel to the surface.
Greenstadt [1971] showed the conditions for maintaining
asteroid magnetospheres by magnetic dipole moments.
Hood and Schubert [1980] discussed the requirement on
dipole moments for strong solar wind deflection by lunar
magnetic anomalies for typical solar wind conditions. Simu-
lations showed that the solar wind interaction with dipolar-
like fields can generate a magnetosonic wake [Omidi et al.,
2002] or a magnetosphere with a field strength an order of
magnitude stronger than the observation [Harnett and
Winglee, 2000], and that with multiple-dipolar-like fields a
minimagnetosphere will form with a smaller magnetic field
strength due to the lateral extent of the magnetic field [Harnett
and Winglee, 2003].
[4] In addition, swirl-shaped high-albedo markings observed

on the lunar surface may have a strong correlation with the
magnetic anomalies. One possible mechanism is that the
magnetic anomalies may deflect or stand off the solar wind
protons to prevent maturation of the underlying regolith [Hood
and Schubert, 1980]. Alternatively, the transport of charged
dust could also result in the redistribution of bright small-sized
dust particles due to enhanced electric fields in the magnetic
anomaly interaction regions [Garrick-Bethell et al., 2011].
While the near-surface lunar conditions cannot be closely
reproduced, for example, the high-energy solar wind flow and
the complex field configurations of the magnetic anomalies,
small-scale laboratory experiments are very helpful for figur-
ing the intrinsic processes.
[5] The sheath, a transition layer between a surface and the

bulk plasma in the presence of magnetic fields has been of a
great interest to the plasma physics community for decades,
including applications in magnetic fusion, industrial plasma
processing, space and basic plasma physics, for example.
The behavior of such a sheath has been characterized by a
number of theoretical and experimental studies [Krasheninnikova

et al., 2010]. Magnetic sheaths have been examined under
a variety of circumstances, including the magnetic fields
parallel and oblique to the wall, in collisionless and colli-
sional plasmas, and in the regimes of re < lD < ri, lD < re
and lD > ri, where r is the Larmor radius of the electron/
ions, and l is the Debye length. However, all of these
studies were carried out for large-scale, global magnetic
field configurations.
[6] In this paper, we show laboratory results of plasma

interactions with a magnetic dipole field over an insulating
surface and discuss the implications for the interactions of
lunar magnetic anomalies with the solar wind plasma flow.

2. Experiments

[7] The experiments were conducted in a cylindrical
stainless steel vacuum chamber, 28 cm high and 51 cm in
diameter, shown in Figure 1. The base pressure of 10!6 Torr
is obtained by a turbomolecular pump. Argon plasma is
created by the impact ionization using electrons emitted
from a negatively biased and heated filament in the bottom
of the chamber. A metal plate above the filament prevented
the primary electrons from entering the bulk plasma.
A magnetic dipole field is created above an insulating
surface by placing a horseshoe permanent magnet under-
neath. The working pressure operates from 3.0 " 10!4 to
1.2 " 10!3 Torr. Plasma is characterized by a cylindrical
Langmuir probe inserted in the bulk region where the mag-
netic field is negligible. Potentials above the surface are
measured using an emissive probe with a current-voltage
method [Diebold et al., 1988] that has advantage of acquir-
ing data in real time. This method is calibrated with the
inflection point method in the limit of zero emission, which
has been demonstrated as a good measure of the potential
in magnetized plasmas as well as field-free plasmas [Smith
et al., 1979].
[8] Magnitudes of both parallel (B//) and perpendicular

(B?) components of the magnetic field were measured with
a magnetic probe oriented in both directions. A vector field
map, combining the two components, shows a dipolar
magnetic field structure, Figure 2a. On the insulating surface
the maximum strength of the magnetic field in the center of
the dipole is#550 G, and the highest magnetic field strength
is #700 G located at two cusps.
[9] The plasma density varies from 2 " 107 cm!3 to

1.2 " 108 cm!3, depending on the neutral pressure and the
electron emission current from the filament. The current-
voltage (I-V) characteristics show two electron populations,
i.e., cold and hot electrons that have temperatures of
2.3 # 3.2 eV and 5.0 # 5.5 eV, respectively. The Debye
length is 0.11 # 0.3 cm. The ion temperature is #0.5 eV
measured by a gridded retarding-field ion-energy-analyzer
(IEA) [Böhm and Perrin, 1993], which is much hotter than
the temperature of the newborn ions, i.e., the neutral gas
temperature 0.025 eV. The ion heating possibly occurs
during the plasma expansion from the source located in the
bottom of the chamber to the top of the insulating surface
as shown in Figure 1. Ambipolar electric fields form in the
expansion because the hot electrons move faster and leave
the cold electrons and the ions behind. The ions in turn
are accelerated by the electric fields and collide with neu-
trals, leading to a broader energy distribution, i.e., hotter

Figure 1. Schematic of experimental and diagnostic setup.

WANG ET AL.: PLASMA-DIPOLE FIELD INTERACTION A06226A06226
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Xu et a., 2012	
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Strong localized electric fields emerge.	



Potential distribution 	



ions	



electrons	
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The configuration of B matters.	



Mirror 	


reflection	



Electron	


 focusing	



ions	
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 UV radiation drives dayside charging.	



Sternovsky et al., 2008	
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UV experiments are hard. 
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Biased grid 

	


	



Collector 

• 0.6 m3, 60-cm 
diameter vacuum 
chamber 

• 10-6 Torr operating 
vacuum 
 
• Collector and grid aid 
in obtaining clean 
measurements 
 
• Xe-excimer UV lamps 
peak emission at 172 
nm (7.21 eV) 
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UV Charging (Cerium-Oxide)	
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            Topography effects everything. 	
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Topography effects everything. 	
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A spacecraft alters its environment. 	
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Topography effects everything. 	
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Dust moves around the surface.	



Szalay et al., 2012	
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Dust accumulates in craters.	



Poppe et al., 2012	





  Classification: 
  C - Carbonaceous  
  S - Silicaceous  
  M - Metallic  

Dust ponds can form.	



“Ponding” on 
Eros 
 

               LRO - LAMP 
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Even a fine dust layer can interferes with remote sensing search for volatiles. 	



Shackleton was previously assigned an Eratosthenian age19 (middle
lunar history; in the approximate interval 1–3.2 Gyr before present) on
the basis of its relatively fresh morphology, its lack of rays, and counts
of superposed craters3 using AMIE image data (50 m per pixel) and
Arecibo radar data (20 m per pixel). Craters were counted within a
crater diameter (,20 km) of the rim crest, avoiding obvious secondary
craters. This analysis was subsequently revisited and resulted in an
older, Imbrian age3 (in the approximate interval 3.2–3.8 Gyr before
present).

Here we use a LOLA shaded relief map to advance previous work by
individually dating different parts of the crater (see Fig. 1e and
Supplementary Information) to investigate the processes that have
operated since crater formation. LOLA observations permit dating
of shadowed regions in the crater interior and allow spatially unbiased
measurements of crater density due to uniformity in illumination
conditions. In addition, illumination can be varied over the topographic
model to enhance crater detection. On the basis of comparison of the
several different areas of the rim of the crater, it is clear that the variable
slopes of the rough crater rim have an influence on crater retention. For
example, two areas of very flat terrain on the Shackleton flank within
one crater diameter of the rim crest (I; Fig. 1e) yield modelled crater ages
of ,3.69 Gyr, whereas areas closer to the rim crest (within ,5.5 km)
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Figure 1 | Detailed characterization of Shackleton crater. a, Topography in
km; b, percentage of time illuminated; c, 10-m baseline slopes in degrees;
d, surface roughness shown as RMS residual in m; e, locations of crater counts
used to determine relative ages; and f, zero-phase, 1,064-nm reflectance shown as
I/F. Topography, slopes and roughness are based on a 10-m spatial resolution grid
of all available LOLA profiles. In a–d and f, x and y axes indicate spatial scale,
where (0, 0) is the lunar south pole and colour scales show magnitude of plotted
quantity. White regions in b correspond to zero illumination. Panel e shows
locations of craters counted to estimate relative age, plotted over 10-m slopes
(colour coded as in inset). Crater regions in e correspond to: A, flat region of crater

floor; A/B, entire crater floor; C, crater wall; D, crater rim crest; E/F, inner rim
annulus (,5.5 km); E, inner rim annulus excluding steep region (F); F, steep rim
region within annulus; G, crater wall section; I, Shackleton crater deposits north of
rim in flat areas; and X, secondary crater chains and clusters (removed from
analysis). In f, reflectance is expressed as a radiance factor (I/F), which is defined as
the ratio of the measured radiance I to the radiance F of an ideal diffusive surface in
vacuum with 100% reflectance under the same illumination. Each dot represents a
0.43 0.4 km pixel median average of LOLA’s spot 3 reflectance. Contours show
topography at 0.2 km intervals. The grey annulus shows the 17-km diameter of
the steepest portion of the walls and the 7-km diameter of the floor.

Table 1 | Parameters describing Shackleton crater
Parameter Value

Areocentric latitude of centre of rim (degrees) 289.655
Areocentric longitude of centre of rim (degrees) 129.174
Lunar radius at floor centre (km) 1,734.63
Mean crater diameter at rim (km) 21
Mean depth, rim to floor (km) 4.1 6 0.05
Mean rim height above datum (km) 1.3
Range of floor topography (km) ,0.210
Area of crater at rim (km2) ,346
Area of crater floor (km2) ,38
Estimated fill depth (km) ,0.75
Crater volume (km3) 640 6 10
Fill volume, including mounds (km3) 12 6 1
Maximum wall slope (degrees) 35
Average wall slope (degrees) 30.5
RMS roughness* of crater exterior (m) ,1
RMS roughness* of crater walls (m) ,1
RMS roughness* of crater floor (m) ,1
RMS roughness* of crater rim (m) ,1
I/F of crater exterior 0.32 6 0.04
I/F of interior walls 0.46 6 0.03
I/F of interior floor 0.43 6 0.02
Ratio of average depth/average rim diameter, d/D 0.195 6 0.025

See Fig. I legend for definition of I/F.
*Within 5-m spots.

LETTER RESEARCH

2 1 J U N E 2 0 1 2 | V O L 4 8 6 | N A T U R E | 3 7 9

Macmillan Publishers Limited. All rights reserved©2012

Zuber et al., 2012	
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LADEE/LDEX will help. 

THE DUST ENVIRONMENT OF THE MOON: EXPECTATIONS FOR THE LUNAR DUST 
EXPERIMENT (LDEX). M. Horányi1,2, Z. Sternovsky1,2, M. Lankton1, D. James1,2, J. Szalay1,2, K. Drake1,2, A. 
Shu1,2, A. Colette1, E. Grün1, 3, S. Kempf 1,2, R. Srama3,4, A. Mocker2,3,4, (1Laboratory for Atmospheric and Space 
Physics, and Department of Physics, University of Colorado at Boulder, USA; 2 Colorado Center for Lunar Dust and 
Atmospheric Studies, U. of Colorado, Boulder, USA; 3Max-Planck-Institute for Nuclear Physics, Heidelberg, Ger-
many;4 Institute of Space Systems, University of Stuttgart, Stuttgart, Germany) 

 
Introduction: The lunar dust environment is ex-

pected to be dominated by submicron-sized dust parti-
cles released from the Moon due to the continual bom-
bardment by micrometeoroids, and due to plasma-
induced near-surface intense electric fields. The Lunar 
Dust EXperiment (LDEX) is designed to map the spa-
tial and temporal variability of the dust size and densi-
ty distributions in the lunar environment onboard the 
upcoming Lunar Atmosphere and Dust Environment 
Explorer (LADEE) mission [1, 2]. LDEX is an impact 
detector, capable of measuring the mass of submicron 
sized dust grains. LDEX will also measure the collec-
tive signal of dust grains that are below the detection 
threshold for single dust impacts; hence it can search 
for the putative population of grains with r ~ 0.1 µm 
lofted over the terminator regions by plasma effects. 
LDEX has been developed at LASP/CCLDAS and has 
a high degree of heritage based on similar instruments 
on the HEOS 2, Ulysses, Galileo, and Cassini missions 
[3]. The LDEX flight model will be tested and cali-
brated at both the Heidelberg and Boulder dust accel-
erator facilities. This talk will summarize the expected 
capabilities of LDEX and make predictions for its 
measurements in lunar orbit based in our current theo-
retical models. We will also discuss a proposed LDEX-
PLUS instrument that is being developed for a possible 
LADEE follow-up mission to add the capability for the 
in-situ chemical analysis of the impacting dust parti-
cles in order to verify the existence of water ice on the 
lunar surface, and to map the density of valuable re-
sources of commercial interest. 

The LDEX instrument: The two expected sources 
of dust in the lunar environment are ejecta production 
due to continual bombardment by interplanetary mete-
oroids, and lofting due to plasma effects. LDEX is an 
impact ionization dust detector with a sensor area of ~ 
0.01 m2. LDEX is a low risk, compact instrument, and 
uses no flight software (Figure 1). In addition to indi-
vidual dust impacts of grains with radii r > 0.3 µm, 
LDEX can identify a large population of smaller grains 
(0.1 < r < 0.3 µm) by measuring their collective signal. 
The expected impact rates, and the signature of lofted 
small grains expected over the terminators are shown 
in Figure 2.  

 
 
 

 
Figure 1. LDEX  EM and FM units and the schematic 
drawings of the instrument. 

 

 
Figure 2. Expected impact rates on a 30x100 km orbit 
with its pericenter over the morning terminator.   

2635.pdf43rd Lunar and Planetary Science Conference (2012)

Pre-Shipment Review 
June 7, 2012  	
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LDEX will map the lunar dust environment. 

 
 3 

time of flight (TOF) mass spectrum. A detailed description of the two subsystems is given in section 5. Even without 
a dust trajectory sensor the original location at the surface lies within a circle of a radius comparable to the altitude at 
which the particle was detected. 
 
The measurement establishes a direct link of the grains composition to its origin on the surface (compositional 
mapping). In the course of the mission a dust spectrometer is collecting many thousands of submicron samples from 
a greater part of the entire surface and determines their origin and composition. It thus combines in situ analysis, 
which otherwise could only be achieved by a lander, with the much better surface coverage of a remote sensing 
method. 
 

 
 
Figure 1. Schematics of dust spectrometry of a planetary surface. Ejecta particles lifted by micro-meteoroid 
impacts from the satellites' surface are analyzed in situ by a sensor in combination with a high-resolution dust 
mass spectrometer. By tracing back the trajectory to the surface compositional maps of the surface are 
generated.  
 
 
The analysis of emitted solids is complementary to studies by remote sensing methods (e.g. by infrared 
spectroscopy) and analysis of the gas phase (by an ion and neutral mass spectrometers). It is important that both, 
solid and gas phases be measured. For example, Cassini’s dust detector CDA (Srama et al., 2004) found sodium salts 
in the dust particles from Saturn’s satellite Enceladus (e.g. Postberg et al., 2009), while high-resolution spectroscopy 
and the Cassini INMS did not detect any sodium in the emerging plume gas or at the moon’s surface (Schneider et 
al., 2009; Waite et al., 2009). Only the combination of all methods provides a conclusive picture. There is another 
remarkable advantage of ‘surface dust spectrometry’: Whereas remote sensing methods determine the compositional 
average of a certain area, a dust spectrometer is able to identify individual constituents of that area on a submicron 
level. Ideally, the contribution of certain minerals and compounds to a specific geological formation can be 
quantified.  
 
The process of creating ejecta from impacting micrometeroids is very efficient: the total mass is of the order of a few 
thousand times of the impactor’s mass (Koschny & Grün., 2001). The predicted density of ejecta grains in the lunar 
dust exosphere at an altitude of 50 km is shown in Fig. 2. In addition, during meteor showers, the ejecta population is 
expected to dramatically increase with a spatial distribution showing strong deviations from spherical symmetry for a 
duration of a few days.  
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• Measures velocity distribution of the ions 
• Narrow instrument aperture - filtering the angular distribution 
• Few secondary ions due to ejecta   

Linear Time-of-Flight Mass Spectrometer 
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Linear Time-of-Flight Mass Spectrometer 
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Hear talk by Anna Mocker, Fri. 8:40 am 

Time-of-Flight Mass Spectrum 
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A dust detector in orbit can unabiguously detect ice from the surface.	
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Dust instruments are ready.	
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Strategic Knowledge Gaps 
III. Understand how to work 

and live on the lunar surface. 
E. Plasma environment and charging  

Strategic 
Knowledge Gap 

Research 
and 

Analysis 

Earth-
based  

Testing 

ISS / 
ISTAR 

LEO Robotic 
Lunar 

Missions 

Narrative 

Determining near-surface 
plasma environment and 
nature of differential 
electrical charging at 
multiple lunar localities 
(includes PSRs) 

 

 

 

 

 

 

 

 

 

 

 

 

~� {� {� {� z� The lunar near-surface electrical field 
and plasma environment is poorly 
known  due to lack of direct, long term 
observations. Significant questions 
remain as to the degree of charging of 
hardware on the lunar surface, 
particularly night-side of  the lunar 
terminator. Also, surface  and  surface-
placed objects may undergo large 
changes  in potentials during  passages 
of solar storms. Direct observation is 
required in order to understand the 
variations of the  electrical ‘ground’  
defined by the plasma currents to  an 
object placed  on the surface. In PSRs, 
the lack of an obvious charge reservoir 
(i.e., low conductivity  surface and  
obstructed plasma) suggests the 
possibility  of poor electrical dissipation 
for tribocharging objects like drills, and 
rover tires. A surface mission would 
directly complement LADEE. This is 
enabling surface operations and 
human safety.  .  
 

!	

!	



Laboratory experiments, modeling, 
and instrument development remain 
essential!	




