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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, efc.
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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.
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« 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.



» Dusty Plasmas

A collection of positive and negative charges, and
macroscopic objects, forming a neutrally charged
distribution of matter.
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Small particles absorb electron and ions and become charged
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« Dusty Plasmas

A collection of positive and negative charges, and
macroscopic objects, forming a neutrallv charged
distribution of matter.

Small particles absorb electron and ions and become charged
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Types of Dusty Plasmas:

° ° + - .
8, ll , 12 gerenes ,ln and dust /dust (comets, rings)

+
€ and dust (moon, asteroid surface)

+ -
dust and dust (sand storms)




New physics:
Dust is many orders of magnitude heavier than ions and can carry many orders of
magnitude larger + or - time dependent charge.

new spatial scales
new time scales
unusual dynamics

new waves & instabilities

Dust charge:
electron and ion fluxes
secondary and photoelectrons

dust — dust collisions



Dust - acoustic wave

Rao et al., 1990

Barkan et al.,

1995
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2) Dusty plasma primer

Heliopsheric Summer School 2013
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Dust Charging Processes
electron and ion collection %\
secondary emission /

UV induced photoelectron em|55|0n@\‘/

Total current to a grain=0

ZI=Ie+Ii+|sec+




The Charge on a Dust Grain

In typical lab plasmas | =1,.=0

Electron thermal speed >>ion thermal speed so the grains
charge to a negative potential V; relative to the plasma, until

the condition |, = |, is achieved.

electron
repulsion

/"Te e Q= (4ne,0) Vs
N Q,=7/00a, V;
Typically Vs is independent of a

|on enhancement
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Dust Charge Measurements
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3) Dust in magnetospheres: transport, capture, ejection



Motion of a charged grain is followed by:

| R2 R4

71
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Its charge:

Q0
—I—E 1;

i

Limits:
Q/m=<<1 Q/m>>1
Gravity dominates E&M dominates

(Kepler orbits) (adiabatic motion of e, i)




1 MeV proton @ Earth’s synchronous radius
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Jupiter Dust Streams in Interplanetary Space
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Long-Time Monitoring of Jovian Dust Streams with Galileo

6 years of Galileo dust measurements (1996 to 2002)
Dust fluxes colour-coded superimposed upon Galileo trajectory
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Calculated average emission pattern (GRL, 1997)
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Impact rate (102 s77)
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Caossini Optical Depth

Middle A Ring Density Waves
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. cannot be explained with the known
laws of physics ! ” (pPL 1980)

R there is a difference between the known
laws of physics and the laws of physics known to
you!”

Hannes Alfven
(1980)



Properties from visual inspection:
intermittent, 0.1-10 % contrast, |: 10* km & w: 2000 km, close to Rg

appear in <5 min, seem radially aligned in the “morning” and shear away,
typical grain size <1 ym, dust cloud height <80 km

Questions:

Are grains lifted off the ring-plane or just rearranged in plane?
What is the plasma density and temperature near the rings ?
How can thin radially aligned structures be produced ?

Why is the morning side of the rings preferred ?

What determines the frequency of occurrence?

Ideas:
Static . alignment of charged grains (E or B)
Dynamic . single particle trajectories (external or internal trigger)

Collective . dusty plasma waves (instability, solitons)



Evolution of a Spoke’s real estate




Dust lift-off from a surface in plasma

Surface charge density

EJ_ 1 éS’ (,ne )0.5
= — 750
7¢ = Ure = dmerp 300 b T

Dust charge on the surface — Probability to have an e <1

1/2
Q% ~md*o, <1 —  P.=24x10""d¢g (;)

Dust charge in free space

Qe =~ 7000,“(1)‘5 > ()5



ooy &electrons
s o Y fromplasma T
“plasma .- intothe sheath -

sheath

electric force

Qdust Esheath
T electric field
dust particle in sheath £,
with charge Qdust< = )

solid +
surface gravity

adhesive
force

1) lift-off (1e!) P ~ 32
2) transit through the sheath ty ~ a3?
3) (dis)charging time

Pescape = Pe €Xp(-tp/tc) ~a® for smalla and ~ exp(a=°) for large a
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Plasma temperature
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Meteorite impact model

Need higher than "normal’ plasma density for dust lift-off !

Fi1G. 2. Schematic diagram of the hemispherical ex-
pansion (vqy = 0) of a plasma cloud just at the ring

surface, treated as a flat plate. Morfill and Goertz, 1983



forward scattered light
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F1G. 2. A schematic view of the model for formation of spokes. Underneath a dense plasma column
(indicated by heavy shading) the equipotential contours are compressed and a large surface electric
field exists. Dust particles are lifted off the rings and drift through the cloud, which polarizes. A pair of

field-aligned currents closes the current.

Goertz and Morfill, 1983






Saturn

Hikgl
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NASA and The Hubble Heritage Team (STScl/AURA) * Hubble Space Telescope WFPC2 ¢ STScl-PRC01-15
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4) Dusty plasmas on the surfaces of airless bodies
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NIGHTSIDE CHARGING

Diamagnetic
Currents

...... - ::: o 2 5 —_‘—: E

Negatively —
Chgrged % || Closure?
Nightside = §8 Instabilities?

Recompression

Eclipse

kT, = mpvfw /2
o=-my: /(2e)

pvsw

Halekas, 2010
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Gene Cernan sketches from Apollo McCoy and Criswell, 1974
Command Module

ApO” o CM TrajeCiory ORBITAL SUNRISE (T = 0)

SUNLIGHT l
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Sawe o)
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_ /
Eyewitness accounts of “streamers” from
Apollo command module

Too bright to be meteoritic ejecta

Exosphere and/or high altitude (50 km)
dust is one possibility

Key goal if LADEE is to help resolve this ®
open question

9/29/72
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UV CHARGING (DAYSIDE)

Composite Solar Lyman-alpha
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cumulative photoemission [ pA / m*]
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UV CHARGING
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UV CHARGING (Cerium-Oxide)
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LEVITATING DUST
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Filament

Sickafoose et al., 2002
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Distance from the surface {cm)

8 6 3 = ST g 4 6 8
Radial Position {cm)

Non-monotonic sheath

* More positive surface potential than the bulk to reflect the ions
back into the plasma.

« Potential minimum due to collisions and magnetic-mirror-

trapping. Xu Wang et al., 2012
Horizontal fluctuations



Y [m]

Topography effects everything.
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Topography effects everything.

Potential (45) Surface Potential (45)
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A spacecraft alters its environment.

Potential (90) Surface Potential (90)
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Topography effects everything.

Potential (45) Surface Potential (45)
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3.0

Dust moves around the surface.

Grain Position
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Normalized Distribution

Normalized Distribution

Dust accumulates in craters.

Grain Radii: 100nm to 1 micron

(a) Normal Initial Distribution
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Dust ponds can form.

Classification:
C - Carbonaceous
S - Silicaceous

M - Metallic “Ponding”
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5) Dusty plasmas in comets

Heliopsheric Summer School 2013
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CHANGING COMETARY PLASMA ENVIRONMENT
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THE TILTED UMBRELLA
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THE FOLDED/TILTED UMBRELLA
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Comet Donati (1858),
drawing by (G.P. Bond)
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THE FOLDED/TILETED/WRINKLED UMBRELLA
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CLUSTERS AND POCKETS OF DUST .....
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ELECTRON ‘BITE-OUTS’

100 T T 1TT1rr T LIRS | J
95 |- -
=[] = —
_ / |
3 I
v 851 T e— =
g /
= /
/
80} / -
/
/
/
75 -
70 | L1 11 L L1 1111 || |
102 10° 10*
Electron Density (el/cm’)
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rocket flight at Poker Flat, Alaska, on June 17, 1983 [after Ulwick et
al., 1988].



DUSTY PLASMA WAVES

Usual plasma waves are modified due to the presence of dust.
n,—n, = jZ(a)n(a)da

Dust lon Acoustic Wave (DIA) Shukla and Silin, 1992
,_ Ok’c; 112
W = 1+k224;e for kA'D€<<1 ) = 5 kCS

c,=Jk,T/m and §="12

n

eo

Dust Acoustic Wave (DA)

2 :Zfl(kBTi j(”do]
m, R
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6) Dust in the heliosphere: interstellar dust, nano-dust



Ulysses Trajectory
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Discovery: ISD in the Solar System
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Size Distribution
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Time dependent flux

5-6 LANDGRAF ET AL.: INTERSTELLAR DUST STREAM DURING SOLAR MAXIMUM
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Figure 4. Fit of simulated to measured flux. The fit parameters are the relative contribution of grains of
sizes between 0.1 and 0.4 pm (The 0.1 pm curve is not shown, because it did not contribute to the fit).
The flux measurements by Ulysses are shown as in Figure 2. The solid lines show the flux profiles of the
simulated grains of various sizes, scaled with their best-fit relative contributions. The shaded region
indicates the best-fit total predicted flux, with its vertical extent giving the 1o uncertainty.
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Time dependent direction
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Fig. 4 Distribution of measured impact directions (i.e. spacecraft rotation angle at dust particle impact) of
interstellar impactors for two time intervals. Left: 1 January 1997 to 31 December 1999; right: 1 January
2003 to 31 December 2005. In the earlier time interval the maximum of the distribution is at a rotation angle
of 95° very close to the value expected from the interstellar helium flow. In the second interval the maximum

is at 135° Kriger and Grun, 2007

“The reason of this shift remains mysterious ......”



1)
2)
3)
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6)

Modeling

Landgraf et al., 200; 2003
ISD:

Constant surface potential: +5V
Specific density 2.5 g/cc
Start @ 100 AU with 25.3 km/s

Heliosphere

IMF parker spiral

Wavy current sheet with 22 year periodicity without averaging (cosmic ray propagation
model)

Capture particles in a slab centered on the orbital plane of Ulysses (+/- 0.5 AU)

Capture velocity vectors in a (1 AU)3 box around Ulysses

Animation



.
Termination Shock/
« Heliopause.

Fast solar wind

Pick up ions
\ ULYSSES

_____ GAS
- AR Neutral gas, e.g.He

// \ ; /
\
£=5 \
olar Coronal / / Slow solar wind
Hole v — .
|
tive'Regions ~————¢ Earth I
I

SOHC
T /
EIT, SWAN
/ 7’\;
\ . 4

Pick up ions, e.g. *He*

Lotal Interstellar
. Medium







Tilt of the current sheet

Maximum Inclination of the Current Sheet (N-S Mean): 1976-2009
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Flux variability
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Directional Variability
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Nano-dust observations
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Figure 3. The flux rate of nanodust measured with the plasma wave experiment S/WAVES onboard
Stereo A from 2007 to 2009 [30].
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The top row shows the trajectories of 360 particles with radii 7, = 3 nm, started uniformly distributed along a
circle in the ecliptic plane at » = 0.2 AU in the (left column) Heliocentric Aries Ecliptic (HAE) (x, y) plane projection, in
the (middle column) HCI 60, ¢ coordinates, and the (right column) azimuthal dust density distribution in HAE. The orange
lines represents the trajectories that can be detected near the ecliptic plane at 1 AU. In the (6, ¢) plots, the continuous blue
line represents the ecliptic plane and the dashed blue lines show the detectable limits set by |z| < Az = 0.05 AU. The bottom
row is for a N = 3600 particle simulation using initial conditions with random inclinations in the range 0 < i < 10°, random
eccentricities in the range 0 < e < 0.01 and random orbit orientations (0 < w, 2 < 27).
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SUMMARY

* Dusty plasma issues are relevant to a number of in situ and
remote sensing observations.

 The analysis and interpretation of particles and fields, and dust
measurements cannot be done ‘one instrument at a time.’

* Dust and dusty plasmas are an important component of the
heliosphere






