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Where do we find plasmas? 

•  99% of the visible matter in 
the universe is ´plasma´. 

•  A large fraction of this 
plasma is ´dusty´:  

   Galaxies,  interstellar clouds,  star formation 
regions,  planetary disks, comets,  our 
atmosphere, planetary rings, all plasma 
processing devices,  even plasma  fusion 
reactors, etc. 
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•  Plasmas - Encyclopaedia Britannica: 

•  A collection of positive and negative charges, about equal 
in number or density and forming a neutrally charged 
distribution of matter.  

 

•  Plasma state is called the fourth state of matter and is 
unique in the way in which it interacts with itself, with 
electric and magnetic fields, and with its environment. 
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•  Dusty Plasmas 

•  A collection of positive and negative charges, and 
macroscopic objects,  forming a neutrally charged 
distribution of matter.  
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•  Dusty Plasmas  

•  A collection of positive and negative charges, and 
macroscopic objects,  forming a neutrally charged 
distribution of matter.  
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2)	
  Dusty	
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  primer	
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3)	
  Dusty	
  plasmas	
  on	
  the	
  surfaces	
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and they generally lie between the trajectory calculated with
our value of gM (upper solid black curve) and the trajectory
calculated using the true value (lower solid black curve).

The shape of a ballistic trajectory is determined by the ini-
tial dust velocity, the gravitational field strength, and the air
drag (if an atmosphere is present). The first two of these fac-
tors are mathematically coupled in this type of analysis. Let
VZ0
¼ V0 sin d, where d is the angle between V0 and the

ground. Then, for X0 ¼ Z0 ¼ 0, Eq. (2) becomes

zðxÞ ¼ ðtan dÞx$ gM

2V2
0 cos2 d

x2: (5)

Equation (5) describes the parabolic shape of a ballistic tra-
jectory in vacuum. Because X, Z, and d are measurable quan-
tities, the video images actually provide V2

0=gM from which
we can extract gM after we have used the appropriate spatial
and temporal scale factors to obtain V0.

It is interesting to note that on Earth where gE ¼ 9:8 m=s2,
an initial velocity of the dust particles VE

0 ¼ VM
0 ðgE=gMÞ1=2

would result in a trajectory identical to one on the Moon if
there were no atmospheric drag. For (very) small particles of
mass m moving with speed v in air at standard temperature
and pressure (STP), the drag force is well approximated as
F ¼ $bvd, where d is the diameter of the particle and
b ¼ 1:6% 10$4 N s m2 (cf. Ref. 5). When such (linear) drag
is included, Eqs. (1) and (2) become5

xðtÞ ¼ X0 þ VX0
s 1$ e$t=s
! "

; (6)

zðtÞ ¼ Z0 þ ðVZ0
þ VtÞs 1$ e$t=s

! "
$ Vt t; (7)

where s ¼ m=ðbdÞ is the time it takes the horizontal speed to
reach 1/e of its initial value, and Vt ¼ gs is the terminal
speed of a particle. Thus, the effect of (linear) drag is to alter
Eq. (5) for the trajectory to

z ¼ VZ0
þ Vt

VX0

# $
xþ Vts ln 1$ x

sVX0

# $
: (8)

By expanding the natural log to second order you can show
that this equation reduces to Eq. (5) in the limit of no drag
(as s!1).

Because of the drag force, the shapes of ballistic trajecto-
ries on Earth are strongly dependent on the size of the dust
particles. Figure 7 shows the trajectories on Earth for two
different particle sizes using Eq. (8). As Fig. 7 shows, air
drag causes the dust trajectories to become asymmetric with
respect to their apexes. The fact that our measurements show
no deceleration in the X-direction (see the right panel of
Figs. 3 and 4) confirms that the footage was recorded in an
airless environment.

The images and the measurements described above are
available as supplementary material6 and can also be found
at the Colorado Center for Lunar Dust and Atmosphere Stud-
ies (CCLDAS) website.7 These materials can be used for
high-school or freshman-level physics activities on ballistic
and angular motion. The video footage also has with it the
astronauts’ dialogue transcript,8 which adds a nice human
component to a scientific discussion. Combined with the his-
torical background of the Apollo mission, this 40-year-old
footage could be useful for broad interdisciplinary team-
teaching projects that combine topics in Earth and planetary
science, technology development, and the future of human
space exploration.

V. SUMMARY

We have analyzed the motion of the dust clouds lofted by
the Lunar Roving Vehicle of the Apollo 16 mission. Adopt-
ing a simple 2D geometry, we found that the dust followed
ballistic trajectories under the influence of the lunar gravity.
The gravitational constant of the moon derived from the dust
trajectory is within 10% of the expected value. The images
used in our analysis are available online for use as supple-
mentary material in physics education.
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Fig. 7. Comparison of the measured dust trajectory (clip 1) and calculated
trajectories. Squares represent measurements. The upper solid curve is the
trajectory calculated using our value of gM; the lower solid curve is the tra-
jectory calculated using the true lunar gravitational field strength. For com-
parison, the dashed curves show the trajectories of 100 lm and 200 lm
radius dust particles on Earth with the effects of air drag taken into account
via Eq. (8).

Table I. Parameters that fit the ballistic motion equation [Eqs. (1) and (2)] to the data from the two clips.

X0 ðmÞ Z0 ðmÞ VX0
ðm=sÞ VZ0

ðm=sÞ gM ðm=s2Þ VLRV ðm=sÞ

Clip 1 $0.08 6 0.03 $0.04 6 0.06 1.59 6 0.04 2.23 6 0.20 1.48 6 0.29 2.5 6 0.03

Clip 2 $0.20 6 0.03 0.00 6 0.05 2.99 6 0.05 2.99 6 0.19 1.47 6 0.27 2.6 6 0.05
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LEVITATING DUST 
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Topography	
  effects	
  everything.	
  	
  



Dust	
  accumulates	
  in	
  craters.	
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  et	
  al.,	
  2012	
  



Dust ponds can form.	



“Ponding” on Eros 
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DUST PONDS ON EROS (NEAR-Shoemaker, 2001) 
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  Lunar	
  Dust	
  Cloud	
  

1)  Spherically	
  symmetric	
  con?nually	
  present	
  ejecta	
  cloud	
  generated	
  
by	
  interplanetary	
  dust	
  impacts	
  

2)  Temporal	
  &	
  spa?al	
  variability	
  due	
  to	
  meteor	
  showers	
  on	
  ?me	
  
scales	
  of	
  days	
  	
  

3)  Density	
  enhancements	
  of	
  small	
  grains	
  over	
  the	
  terminators	
  due	
  to	
  
plasma	
  effects,	
  expected	
  to	
  be	
  correlated	
  with	
  solar	
  wind	
  
condi?ons	
  and	
  UV	
  variability	
  on	
  ?me	
  scales	
  of	
  hours	
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  Dust	
  Environment 
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MCP Signal Target Signal 

•  CSA impact signal waveforms recorded (50 points, 8 µs spacing) 
•  Waveforms analyzed and impacts are validated 
•  The samples shown are for a 1.06 µm radius particle at 1.89 km/s velocity  
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         Testing and Calibration 
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•  Performed at the CCLDAS facility 

•  Velocity range 1–8 km/s 

•  Size range 0.2 – 1.5 µm  

•  Total number of particles shown 

•  Black: particles detected by LDEX 
•  Red: not detected by LDEX 

•  65% is detected 

•  Dust flux is reduced by the 3 grids 
over the aperture (90% open area) 
and the 90% duty cycle of LDEX 

•  (0.9)4 = 0.656 

LADEE velocity 

Velocity [km/s] 



  Integrator Signal 
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Integrator signal with nominal LDEX settings (100ms integration period) an ion source 
off/on.  Blue and red periods are switching of the ion focusing grid. 
 
Note: The rejection of the ion signal is efficient.  

Mean:  1.29e5 electrons/s 
STD:    3.26e2 electrons/s  

Mean:  1.95e5 electrons/s 
STD:    1.37e3 electrons/s  
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Integrated	
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  below-­‐threshold	
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  Look	
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•  Predic?ve	
  tools	
  for	
  threshold	
  es?mates	
  
•  Data	
  analysis	
  tools	
  for	
  quick	
  turn-­‐around	
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            LDEX Measurement Requirements  

Single grain detection: 
 
ü LDEX shall be capable of detecting individual dust particles that have a 
radius of less than 1 micron or greater. 
ü LDEX shall be capable of measuring the size distribution in at least 5 bins 
covering the dust particle radius range of 1 to 5 micron. 
ü LDEX shall be capable of detecting all particles with radii > 5 micron. 
ü LDEX shall be capable of detecting more than 1 dust particle impact per 
second. 
 
Collective signal detection: 
 
ü LDEX shall be capable of detecting the collective signal of particles with the 
radius range of 0.1 micron to 1 micron. 
ü LDEX shall be capable of making more than 100 measurements of the 
collective signal within the six minutes immediately prior to sunrise terminator 
crossing in the lunar orbit (assuming a 50 km circular orbit). 

 



LDEX	
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SUMMARY 

•  Dusty	
  plasma	
  issues	
  are	
  relevant	
  to	
  a	
  number	
  	
  of	
  in	
  situ	
  
and	
  remote	
  sensing	
  observa?ons.	
  
	
  

•  The	
  analysis	
  and	
  interpreta?on	
  of	
  par?cles	
  and	
  fields,	
  
and	
  dust	
  measurements	
  cannot	
  be	
  done	
  one	
  instrument	
  
at	
  a	
  ?me.	
  
	
  

•  LADEE	
  will	
  make	
  observa?ons	
  around	
  the	
  Moon.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



human spaceflight 
and operations 

Dust - Plasma Environment  
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