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What Is a dusty plasma?

electrons + ions + neutrals

e absorbs
electrons and
lons

* becomes
negatively
charged

* Debye
shielding



Dust Charging Processes

> electron and ion collection %\/Q
> secondary emission e @
> UV induced photoelectron B <

emission

Total currenttoagran=0

Sl=lg+li+lg+1, =0




The Charge on a Dust Grain

Intypical lab plasmas I =1,=0

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

the condition I, = [; is achieved.
electron

— repulsion

lon enhancement



Assembly of highly charged dust particles
immersed in a partially ionized plasma

Yukawa
potential




Where are Dusty Plasmas?

> In Nature
> In man-made facilities

> In research laboratory



EXxamples or Dusty Plasmas in Nature

Planetary ring

Noctilucent cloud



Safety Issues for fusion !

Radiological

' Dust:
o

 activated

' ' e retains tritium
 ITER safety limit: 350 kg Tungsten dust

Fire & chemical explosion

Hydrogen:
» stored in dust
* released during accidental exposure to:
e air

» steam
 ITER safety limit: 6 kg dust allowed on hot surfaces

Phil Sharpe
Fusion Safety Program, Idaho National Laboratory

Dust in Fusion Plasmas Workshop
2005




Semiconductor Manufacturing
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Numloer of publications on Dusty: Plasma

Inspec Database
Subject Heading: Dusty Plasma(s)
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\/oyager's Images of radial spokes
rotating around Saturn’'s B ring

Early eighties

113



Discovery by Selwyn at IBM in 1989
during plasma etching of Si wafer

Silicon
wafer

Lower electrode

14



Schematics of Selwyn’'s experiment

Dust particles

Upper electrode

L ower electrode

Silicon wafer Vacuum

pump




Schematics of Selwyn’'s experiment

Dust particles

Gas Upper electrode
e =

feed

Plasma
892z a~s

[ e—

L ower electrode

Silicon wafer Vacuum

pump




Levitation of dust particles In
plasma sheath

-[i::\

sheath potentlal well

%j Iower electrode
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Levitation of dust particles In
plasma sheath

Power

18



Examples of dust in laboratory

Grown
spontaneousl
during gas
discharge

Purchased
from a vendor

i { 10 um
20.0 KV



Typical laboratory parameters

> Discharge conditions. gas: Ar, power:~10 W,
pressure: 1~X00 Pa, frequency ~10 MHz

> Plasma density: 103~10° cm3

> Electron temperature: 1~5 eV

> Size of dust particle: ~1-10 um

> Inter-particle distance: ~ 0.1-1 mm

> Dust charge (negative) : 10°~10% e

> Mass of dust particle: ~ 10:° g
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Why study Dusty Plasma?

Solar system
e Rings of Saturn
e Comet tals

Manufacturing
e Particle contamination
(SI wafer processing)
 Nanomaterial synthesis

Basic physics
e Coulomb (plasma) crystals
e Waves
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“Discovery” of Plasma Crystals

> Thomas, Morfill, Demmel and Goree et al., Phys.
Rev. Lett. 73, 652 (1994).

> Chu and Lin, Phys. Rev. Lett. 72, 4009 (1994).

> Hayashi and Tachibana, Jpn. J. Appl. Phys. 33,
L804 (1994).

> Melzer, Trottenberg and Piel, Phys. Lett., A 191,
301 (1994.).
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Observations of 3D plasma crystals

Experimental snapshots

Chu and |, PRL. 72, 4009 (1994)
_— o]

pe-( f6/2)a =
©® 0 0

200um  @:1st layer O:2nd layer ©:3rd layer



Three states of 2D plasma crystal
Experimental movie of 2D - . -t
plasma crystal in solid, ’ '

liquid and gas states
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EXxcitation off waves in 2D dust
crystal: experimental scheme

Video camera
Scanning
mirror

Microspheres X
\ /
[Hluminating “ %20
He—Ne laser e dgece®

Manipulating

Lower electrode § ) P o]




Sinusoidally excited longitudinal wave

Nunomura et al. Phys. Rev. E 2002 o7



VWave processes In dust layers

Dust Acoustic Wave Experiment

J. B. Pieper and J. Goree
26 February 1996

gas pressure: 100 mtorr (Kr)
frequency: 1.0 Hz
frame time: 1/30 sec
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VWave processes In dust layers

Dust Acoustic Wave Experiment

J. B. Pieper and J. Goree
26 February 1996

gas pressure: 100 mtorr (Kr)

frequency: 3.0 Hz
frame time: 1/30 sec
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Phonon spectrum

Longitudinal mode

EE!-E,F
-

Nunomura et al. PRL 2002 30
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Mach cones

33




Mach
cone
angle

Supersonic coe 57
disturbgnce __ e ( 0
R < x . /A
e < (X 21)
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Mach cones in dusty plasmas

Havnes 1995

Existence
predicted
theoretically, for
Saturn’s rings

Samsonov 1999

Discovered
experimentally in
lab, by external
charged particle

Melzer & Nunomura
2000

Excitation of Mach
cones in lab, by
moving laser spot
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VWake pattern determined by
dlspersmn relation

ﬁasma crystal e Mach cone

K vater

x=1.2, v/©0=0.39

3} Longitudinal mode

Lateral & transverse wakes

——

Has both features:
 Mach Cone

» Lateral & transverse wakes
37



Mach cone by moving laser spot:
experimental scheme

Video camera
Scanning
mirror

Microspheres
o 1cr0qp\\ereq X‘/
[Hluminating
He—Ne laser Coge

Manipulating

Lower electrode § ) P o]




Mach cone eXC|tat|on by Iaser Spot

L “Lasér-beam ! -

4mm

M=V/C =1.29
Nosenko et al. PRL 2002 39



Mach cone in 2D Dusty Plasma

Experimental video

V=29.3 mm/s

M=1.29

A. Melzer, S. Nunomura, D. Samsonov, Z. W. Ma, and J. Goree, Phys
Rev. E 62, 4162 (2000)




Mach cone by moving external
charged particle: experiment

ring micro-
A upper spheres 7,
electrode
probe chamber
1 esesssesessecers wall
77777
r/////’Z owr /5/////
5 cn electrode q
Top view 2 em LSS S S
a
) QE lattice layer
S mmmemma e 200pm
mg fast particle
layer

Samsonov, et al., Phys. Rev. Lett. 83, 3649 (1999)



shapshots
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Mach cone excited by external
charge: experimental velocity field
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INITION

2D Dust crystal

Problem def

Side view Z A

X
X
X
X
X
X
X
X
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Physical model: 2D Yukawa system

> Electrons and ions provide Debye
screening

> Neutral particles provide damping and
determine the system temperature

> Dust particles undergo Brownian motion
and Interact with each other via Yukawa
potential

46



Physical model: 2D Yukawa system

Kk=al A, Screening parameter
2
r:Q/a
KT
y Damping coefficient

Interparticle coupling coefficient

Typically I' » 1 — strongly coupled system

Experimental support:
Konopka, Morfill, and Ratke, Phys. Rev. Lett. 84, 891 (2000)
Hebner, Riley, Johnson, Ho, and Buss, Phys. Rev. Lett. 87, 235001 (2001).
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Problem definition

> Perturbation ofi the dust layer
o Polarization
o Mach cone excitation

> Induced forces acting on test particle
o Stopping force
o Image force
o [ ransverse forces
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Analytical models

> Random-Phase-Approximation (RPA)

> Quasi-Localized Charge Approximation
(QLCA)
o Kalman and Golden, PRA 41, 5516 (1990)

Computer simulation

> Brownian Dynamics (BD)

49



Induced dust density: QLCA vs. RPA

i
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g
005
5

- (a) QLCA: I'=300
!

I () RPA:T'=1000

" (d) RPA:I'=300

yIA, " s 2 T (x=vt) [ Ag




Algorithms for BD simulation

> Euler-like
o Ermak, J. Chem. Phys. 62, 4189 (1975)

> Beeman-like:
o Allen, Mol. Phys., 66, 3039 (1980)

> Verlet-like

o Van Gunsteren and Berendsen, Mol. Phys. 45, 637
(1982)

> Gear-Like Predictor-Corrector

o Hou, Miskevic and VWWang, In preparation
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Simulations provide information on:

> Equilibrium states
» Crystal structures (radial distribution function)
o Phonon spectra
o lIme-correlations
> Non-Equilibrium interactions
o Excited Mach Waves in the plane
o [FoOrces on the test particle(s)
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Test: energy conservation

Expected temperature

Averaged kinetic energy
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Test: velocity distripution

Liquid statewithT" =360 and x =2

o
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03  -02  -0.1 0 0.1
Normalized velocity
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Statics: radial distribution function




A double check: static structure

Comparison with previous MD simulation

=360

——BD

=120

” €=2.0 Q €=1.0
—mD |
5 10 15 20 5 10 15 20
r/a

MD data from: Kalman et al., PRL 92, 065001 (2004)




Dynamics: phonon energy spectra

BD simulation
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Mach cone excited by external
charge: experimental velocity field

nlrkF .

A et T
mE 1

o e rwT -
-0

beddg g0

rrdri r
Irrr

1
r
-
]
-
u

L

ral0=F . . Igpprm

..',..llﬂi-rl | QS |

-
rafalty =7

4 g Bqq Fdg.
Ay parad
[ ]

TEl g rre i

g-rFdd ma,

dag=Fufmpggppgpaappy,

"
gl
Fr
| I |
| N B
-
771
PN
.

Frem=dd rvur1 14,

LI Y
||-|-I'lll._|__l_
rirkr

1P=7T1

= .= =y A =0
pr-a1Jama .
rt'Tgg -1 T
P rdgdd =T TrI

99

l:.-'l"l"ll

regsT1 11701 p




Mach cone excited by external

charge: BD simulation
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[Forces on the moving particle

Side view Z & Repulsive force

Vv

Stopping force

Image force

h

— Y _  * % % % % * % % % % % % % % % % * %

2D Dust crystal
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Slope gives
stopping force
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Stopping force on the moving particle
2 A

Side view

Vv

Stopping force

h

——Y %k k k k * * * % %k %k *k *k *k k *k * * *

2D Dust crystal

Top view




Position dependent stopping
force from BD sim.




Evaluating the mean stopping
force from the cumulative force
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Mean stopping force
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Mean stopping force
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Mean stopping force

Lines: QLCA
Symbols: BD
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Mean stopping force
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Mean stopping force

" Lines: QLCA
Symbols: BD
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\ariance of stopping force
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Probability distribution of
stopping force - straggling

0.2
0.1 | [ [
-8.2 -0.1 0 0.1 r
F

Bars : direct measurements of simulation data
red lines: Gaussian distributions with the
above-calculated means and variances.

0.2

73



BD sim. of the image force
z A

Side view Repulsive force

Vv

Image force
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Total perpendicular force

'=1000, k=1.0 — Unperturbed,
—.—Vt:O.5
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Repulsive (unperturbed) force

— Analytical
o BD
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Image force: h=2.0
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Image force: h=1.0
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Image force: h=0.5
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Projectile-target coupling strength

\V/
@ h, : : td
(h,r.v) V., +myVv>/2
QQ h
max{V,,} = ‘ - d‘ eXIO(—Z)

\ Q;exp( K)

© « 1 criterion for validity of
linear theory (QLCA & RPA)
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Conclusions

> Strong-coupling effects described well by
QLCA but RPA fails except at high speeds

> Non-linear effects in the projectile-target
Interactions not described by QLCA & RPA
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Vicinage effect for two particles
due to superposition of wakes

Side view

— Y _ % %k %k %k k %k * k %k % % %k % * %k % *x *

2D Dust crystal
¥ :
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Top view




Experimental vicinage efiect
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Experimental vicinage efiect

Experimental image by Nosenko et al.

Produced by two laser spots moving
parallel to each other over dust layer
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Test of Linear Superposition

p—
\

Experimental imagé 1  Experimental image 2

-
\ ' Synthesized

W image

™
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Test of Linear Superposition

Experimental image Synthesized image

—
.
-—

Agreement = linear superposition is true

8l



BD sim. of transversal forces
z A

Side view
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Transversal forces

—particle1

— particle2

N

2 4 6 8 10 12
Velocity

)
3]
|
o
[P
c
9
)
)
®
7]
)
=
S
©
>
2
o
c
]
Q
[
o
o




Transversal forces

— particle1
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Transversal forces

— particle1

— particle2
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Transversal forces
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Thanks for

your attention!
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Analytical models of dust layer
response

> Hydrodynamic model, gives the RPA
dielectric function

> Dielectric response theory using QLCA
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Hydrodynamic model

doy(r,1)

> + V) - [og(r,Huy(r,1)] =0,
7l

Juy(r,7) e/

— +uy(r,?) - Vjuu(r,7) = V@R, 1)

ot mg z=0

ey
+ [ug(r.n)Bo] +
nmgyc mgy

i

— yuy(r,1),

V@ (R, 1) = —4me [n;(R,1) — n.(R,t) — Zyoq(r,0)8(z)],

ne = noexp(e®/kgT1.), n; = nopexp (—e®/ kg T))

BREERrAe s O (R, 1) = §y(2) + D (R, 1), BEI
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Response of the dust layer

1
d (Ka)=l— " —1l®_(K.
md( a)) ‘SL(k,a)) ] ext( (())
Do (r,z,t)= QQs e(_K\/(r—Vt)2+(z—h)2)
\/(F—Vt)2+(z_h)2
k:{kx,ky}
K ={k kK, K}
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Dielectric function of the system

5 (k) )
w° — (040 / M 1G(K, )

g (K, w)=1-

. kb)Y 21Qia,
RN TP RE M

0 RPA
G(k,w)=<D, (k) QLCA

kIII
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Formulae

(Dind (r J Z’t) — (27];_)4 deKdaﬂ)ind(K ,a))eiK-R—ia)t

o (r,zt
F, (V) =Q 0 nlls 2 Z=h.r =vt Stopping force
oX (power)
O (I, Z
Fim(v) =Q d |nd( , Z,1) e Image force

0Z
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Quasi-Localized Charge Approxim.

Nﬁ-
Gar(r.0) = 2 (p(x;+ E(0) - p(r))s () = > <di§” > |
j=1

o0 P(k)

H?d

kk} k(o) +iywl(o) + {Tdo)”z (K@),

(md d

— 0 (w) = - [D(k) +




Induced dust density: QLCA vs. RPA
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Mean stopping force

(b) T=500

o

o

o

S
o
S
o
o
o)
IE
S
o
o
wid
7
ye
@
IN
©
£
(-
o
Z

Velocity (cm/s) 102



Brownian Dynamics simulation

Stochastic » Deterministic
Computer Simulation
Metropolis Force-Biased General Molecular
Monte Carlo Monte Carlo Langevin Dynamics
Dynamics
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BD simulation

> Based on Langevin equation

%v(t) () + S F(r 1)
m

d —
Er (t) = v(t)

Fluctuation

A(t)

Dissipation

K, T
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Algorithms for BD simulation

> Euler-like
o Ermak, J. Chem. Phys. 62, 4189 (1975)

> Beeman-like:
o Allen, Mol. Phys., 66, 3039 (1980)

> Verlet-like

o Van Gunsteren and Berendsen, Mol. Phys. 45, 637
(1982)

> Gear-Like Predictor-Corrector

o Hou, Miskevic and VWWang, In preparation
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Algorithms for BD simulation

> Verlet-like

o Van Gunsteren and Berendsen, Mol. Phys. 45, 637
(1982)

> Gear-Like Predictor-Corrector

o Hou, Miskevic and VWWang, In preparation

106



Euler-like method

t _ 1-e”

vit)=v.e”" +—F +R, (1),
() 0) m 0) 7/t v()
_at 12 | _a
r(t):ro+tv01 c +t|:O 1—1 © +R_ (1),
n myt | no

Rv(t)=\/%(l—e”)|\|v(0,l);

2k, T 1-e” 1-g?
Rr(t)—\/ - [1-2 - + 2 IN, (0,1)
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Euler-like method

F,=F(0) is aconstant

Euler-like method: when ¥ — 0 it recovers the Euler method
r(t)=a,+aN,(0,1
v(t) =b,+bN,(0,1) +b,N,(0,1),

8, =mean{r}; & =var{r};

b, =meanf\}; b?= AV,

\/VGI'{F} , by =var{vi-a
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Beeman-like method

F ~ F(0)+ F'(O)t F'(0) = [F(0) - F(-1)]/t

r(t)=a,+aN, (0,1
v(t) =b, +bN, (0,2) +b,N. (0,),

a, = mean{r} :ro+catv0+cbt2¥+cct2$,

b, = mean{ v} =c,v, +cet@+cft—|:(o) +C,t H()
Im m m
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Beeman-like method

when ¥ — 0 it recovers the Beeman method

C,=C, C, =C,, c,=¢e"

C,=C,+C, G =C,—CG/C, ¢, =[1-¢)/n

C =G Ci =G -G +20G/g, C=(1-¢)/n
Cy = GG/ €, c, = (L/2-¢,)/ ¢
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Boundary and' initial conditions

> Boundary conditions
» Periodic boundary with a force cutoff

> Initial conditions
o« Random positions and velocities, or
o Previous results

> Particle number: N=1000~2000
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Going beyond Yukawa inter-dust
Interaction potential

Dust particles immersed in plasma sheath
with ion flow and non-homogeneous
distribution of electron & ion density,

and electric field
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lon wake: vertical alignment of
dust particles in plasma sheath
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lon wake and inter-dust interactions

_ lon flow direction

Equipotential curves from PIC simulation by Lampe et aha



lon wake and Inter-dust interactions

Equipotential curves from PIC simulation by Lampe et ahs



lon wake and Iinter-dust interactions
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VWake riding effect for two particles in sheath

L=

Find horizontal positions of particles from =1, O ‘

dQX;
mi 712 = Fy(xij, 2ij) + Fu(uiy) + Fopt

laser on laser on

for z; = const., F, exhibits asymmetry of e /
wake between upper and lower particles

A
£
Pl Il
"Hasma | .gi - 0.8 : r
© Laser M=1.5 « upper
. lower
zl:] .............................................................. ' uppe.r m- ﬁ )
Z30 - lower particle [T laseron laser on
lon flow 5
sheath =
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Eiiects of sheathion ion wake
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Hydrodynamic model for ions

V- [ni(r)u(r)]=0

Z:e

I

VO(r)—vuyr)

u;(r)- Vu(r)=—

m;

et

| £ Electron & ion| -

densities

------ Wl Linearize about sheath values for:

nio(z), uijo(z), neo(z), Eo(2)

.

T~ .
sssss
.
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Effects of sheath on ion wake




Thanks for

your attention!



	OUTLINE
	OUTLINE
	What is a dusty plasma?
	 Dust Charging Processes
	The Charge on a Dust Grain
	Where are Dusty Plasmas?
	Examples of Dusty Plasmas in Nature
	Semiconductor Manufacturing
	Voyager’s images of radial spokes rotating around Saturn’s B ring
	Discovery by Selwyn at IBM in 1989 during plasma etching of Si wafer
	Schematics of Selwyn’s experiment
	Schematics of Selwyn’s experiment
	Levitation of dust particles in �plasma sheath
	Levitation of dust particles in �plasma sheath
	Examples of dust in laboratory
	Typical laboratory parameters
	Why study Dusty Plasma?
	OUTLINE
	“Discovery” of Plasma Crystals
	Observations of 3D plasma crystals
	Three states of 2D plasma crystal
	Excitation of waves in 2D dust crystal: experimental scheme
	Sinusoidally excited longitudinal wave
	Wave processes in dust layers
	Wave processes in dust layers
	Phonon spectrum
	ACOUSTIC LIMIT
	OUTLINE
	Mach cones
	Wake pattern determined by�dispersion relation
	Mach cone by moving laser spot: experimental scheme
	Mach cone in 2D Dusty Plasma
	Experimental snapshots
	Mach cone excited by external charge: experimental velocity field
	OUTLINE
	Problem definition
	Physical model: 2D Yukawa system
	Physical model: 2D Yukawa system
	Problem definition
	Analytical models
	Induced dust density: QLCA vs. RPA 
	Algorithms for BD simulation
	Simulations provide information on:
	Test: energy conservation
	Test: velocity distribution
	Statics: radial distribution function 
	A double check: static structure
	Dynamics: phonon energy spectra 
	Mach cone excited by external charge: experimental velocity field
	Mach cone excited by external charge: BD simulation
	OUTLINE
	Forces on the moving particle
	Stopping force on the moving particle
	Position dependent  stopping force from BD sim.
	Evaluating the mean stopping force from the cumulative force
	Mean stopping force
	Mean stopping force
	Mean stopping force
	Mean stopping force
	Mean stopping force
	Variance of stopping force
	Probability distribution of stopping force - straggling
	BD sim. of the image force
	Total perpendicular force
	Repulsive (unperturbed) force
	Image force: h=2.0
	Image force: h=1.0
	Image force: h=0.5
	Image force: h=0.2
	Projectile-target coupling strength
	Conclusions
	BD sim. of transversal forces
	Transversal forces
	Transversal forces
	Transversal forces
	Transversal forces
	OUTLINE
	Analytical models of dust layer response
	Hydrodynamic model
	Response of the dust layer
	Dielectric function of the system
	Formulae
	Quasi-Localized Charge Approxim.
	Induced dust density: QLCA vs. RPA 
	Mean stopping force
	Brownian Dynamics simulation
	BD simulation
	Algorithms for BD simulation
	Algorithms for BD simulation
	Euler-like method
	Euler-like method
	Beeman-like method
	Beeman-like method
	Boundary and initial conditions
	Going beyond Yukawa inter-dust�interaction potential
	Ion wake: vertical alignment of �dust particles in plasma sheath
	Ion wake and inter-dust interactions
	Ion wake and inter-dust interactions
	Effects of sheath on ion wake
	Effects of sheath on ion wake

