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Dawn of the Physics of Complex Plasmas
Irving Langmuir
Science 60, 392 (1924)

Sputtered Tungsten “globules” from
cathode entered the plasma

Hannes Olof Gosta Alfvén
On the Origin of the Solar System (1954)

The ionized gas condensed as small grains
(or droplets) which moved in Kepler ellipses,
and the planets were formed by the
agglomeration of these grains.

Lyman Spitzer, Jr.
Diffuse Matter in Space (1968).

The photo-electric effect tends to make the
grains positive, but the capture of swift
electrons which hit the grains tend to give
them a negative charge.




Dawn of the Physics of Complex Plasmas

Saturn Ring

Voyager Spacecraft 1981 Cassini spacecraft
| Nov. 2, 2008

-




Dawn of the Physics of Complex Plasmas

Contamination Control
Plasma Processing in Microelecronics

13.56 MHz Wafer

gas

PPN

EITIIE
N
1
T

AR AT AT TR TR AT AT L L

particle

N R TR T e T

PARTICLE SUSPENSION IN RF PLASMA
[ 1

substrate PUMP =N

The 90% of the particles
that end up on a wafer
YU\ SHEATH A A\ A\

'_——-]‘ =\ cOmMe about from the
T plasma (Selwyn, 1990)

silane (SiH,) + Ar + O, SiO, particles = —~=emmep

floating
particles

IN SITU OBSERVATION

Particle suspension in a plasma



FEATURES OF COMPLEX PLASMA

Complex Plasma ® %58

=,
ggﬂ_

e

m

(2) Q@ k& Q=QKx1)
(3) R&EKL L TESBFM
ni:ne+‘zd‘nd

(4) FERE
~Z,%% Az A

= e >>1
kBTd

7 2= k22 rosEEA=Complex Plasma

— = ~107 %

Dust Particles m

ARE, AVTLYIRTSATOYE, BAYEEREE 20024785 p. 476
O. Ishihara, Complex Plasma : Dusts in Plasma, J. Phys. D: Appl. Phys. 40, R121 (2007).



o

Dust particles move randomly
In a low pressure plasma




Dust particles move like a flow
in @ medium pressure plasma




Dust particles form structures
In a high pressure plasma
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O. Ishihara and S.V. Vladimirov,
Physics of Plasmas (1996, 97, 98).
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Levitated dust particles

Reflected light from the glass \ )

tube on the other side

Stainless steel plate

Particles form a monolayer at the sheath edge above
the stainless steel plate.  vcopex (with Nakamura/saitou)




” \
7’

7’

-~ 7 . Bow wave

M>1 ¢

/
/ Lateral

! sonic surface

‘\ M<1 Stagnation point

Y. Saitou, Y. Nakamura, T. Kamimura, and O. Ishihara,
Bow shock formation in a complex plasma, Phys. Rev. Lett. 108, 065004 (2012).




Molecular Dynamics Simulation

Minimum Energy Configuration N=4

i=1

H :ZN:(X.2+y.2+az.2)+£ZN:
- | | | 2

Plum pudding model
J.J. Thomson (1904) : atomic structure,

Ishihara (1998) :
Kamimura & Ishihara (2007, 2012) 1°



Fundamental structures ( o' =35 )

@
¢ Qo
o o .
00 O & © O
© :
00 T O© O
@ O © ©
©:0 : 5
- Lo Py
Yo © © QOO
0O:0 0 © :
© © O ®
0:0 OD '

. 5

P

e = =

N=26 N=50 N=18 17

T Kamimura, Y Sugaand O. Ishihara Phys. Plasmas 14, 123706 (2007)



Molecular Dynamics Simulation

Double helical structure formed by microparticles in a complex plasma

o =400 5 = 2000 n = 700

T Kamimuraand O Ishihara, Phys. Rev. E 85, 016406 (2012)
Truell W. Hyde et al., Collective Phenomena in Extended Vertical Chains
within Dusty Plasma, ICPP, Stockholm, July 2012. O5.316



CHARGE

Interaction Energy (dust-electron)
ZdJ€

ad
‘_, Z.|e° 2|Z . |a
Z4<0 r -e Udr_)a:[él-;'gol"] — ‘ ;‘ ° ER
r—a

a~lum

2
Z,|=10°~10*| a4, = 47[‘90? =0.0529 nm = Bohr radius
m,e

eZ

87e,a,

E. = =13.6 eVV=Rydberg Energy

Fora=1pmand |Z,[=1000, U,| =14eV.
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FEATURES OF COMPLEX PLASMA

Interaction involving dust particles

O. Ishihara, Inter. Cong. Plasma Physics, Stockholm, 2012 (Invited talk)

Zde Zde

2wz A g electron
®
>
r

o - (Zde)qexp[_L]

A ger A5
- U, /or
Fay = 2 2
|Z4|e” 1 47e,a
For r<<A,,




Lord Kelvin Problem (1848)
Charged Conducting Sphere and a Nearby Charge

2

, _a ,_a
g =——CI, r=—
"
F = Q—-qaf(a,r
47?50r 7 qﬁﬁf;xﬂ%))

F=0whenr~a 1+i a
2\ Q

qEONRBFE T, +RITHENWECATREAMNSEIHIZEDHS

21




CHARGE -
Electrons are attracted to a dust particle

when Ar < Ar. =a/ ZM

10 104 103 10-2 10" 100 107 102
A r (Distance from dust surface )

3 U, ! or AF =(r-a)la<<1

F = AF
W z4|€°  drneya’ T

=F, e(i)

e(i)o




CHARGE

Cha g€ quantum effect (1)

-1 Ar ‘Zd‘ez
Ar=r—a, Ar, = exp(a/ U ~U, |1-—| U, =
2|2, 26+3 (8/ %) ’ d( Arj ' 4re,a
Ue Absorbed on the Desorbed from the

/_ dust surface dust surface
/Arc ATr \ /'
‘ d

DESORPTION TIME (Frenkel-Arrhenius parameterization)

27h o, = surface charge density
eXP(E, /KsTo) x, = Transmission coefficient

T, =

KiKglyg

T, = Dust temperature

E, = Desorption energy
=0=o0,=x714l,/S 7, =1.8us(T,=300K),

0.8s (T,=170K) for E, =0.42eV
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do, =xl,/S—-o,/1,

do,
dt
Q=S0,, Q=x,74l,
Ref. H. J. Kreuser and Z. W. Gortel, Physisorption Kinetics (1986).




CHARGE

Charge . quantum effect (2)

Schrodinger equation :
EIGENENERGY: E U, = ——— (‘9_1j E. exp(2a/ A,)

An®\ 2 +3

2
DESOPTION ENERGY(n=1): E, :l £-1 E. exp(2a/ 4;).
4\ 2¢+3

L 1Z,|€e’

Q=2.=x7,l _
Adrg,ak,T,

e

|, = —%eneves exp(—2)

e

_ h
T 2k,T,

Z2=~2rx ang :Il_-e exp(-z+E, / kT,).
D

d

nv,Sexp(-z+E, /kgT,)
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CHARGE

Classical Theory exp(-2) = m, T (1+£z]
(OML) mT, T
QM Theory  exp(z)=—2Te o exp(E, /k,T,)
(desorption) Vo T, e

10° 2
1/ -1
E,=—| —— | Exexp(2a/Ay).
\ ‘ 4(25+3j X °)
\\Te: leV L |Zd | eZ
No T S dreak,T,
Lo \W Dust charge as a function of
0.001 ~  dust temperature.
\\ Plasma density n, —10% m®
o and dust radius .a=5 um

0 100 200 300 E — 02 eV_
T, (K) d

10°

O. Ishihara, Plasma Physics and Controlled Fusion, in press (2012)



WHFDIZTAIHBTODE

AT

ABR — % T 1R E)
HAKN-TF7 X< J—ua  fHAE

OX; I
T ¢(r)_ 4Q —r//ID
72'50

+1

d
E(r)=-Vg(r)=e, 2 (1+ L) g%

2
Are,r Ao

E(r+5r)zE(r)+5r-iE(r)
or

\’
| O. Ishihara and S.V.Vladimirov,
i \J Phys. Rev. E 57, 3392 (1998).
MEHR Eh
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WEFOTSXIBTOS

AR — i T IR B
Longitudinal Mode

AT

‘ Z
Q 0<0>0 0 i '
i1 0Z, =07, exp[—l (a)t— JkA)]
2> 2 2 k=Al,
SZJ'_]_ SZJ SZj+1 (5Zj —§Zj ) (52 5ZJ+n)

QE(r;) =5Z,e™" [(l—e inkA ) Jr(l—e"‘"A )]
= Qi {(52,- -54&(%) -(6Z,,, -5zj)(ﬁj } = 6Z,¢""2| 1-cos(nkA)

or — 57,6 2| 2sin® (”‘;Aﬂ
dzéZ !

C 74
dt Z (252 52 _5zj+n)( Of,r ) — 4é‘zoeinkA SinZ (nKTAj

nA

My
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Transverse Mode —RZTE

QE(rjj-1)
_— ()~ E( )~ E(A)
OXj+1
| T oX, :5X0exp[—i(a)t— jkA)]
X
- oX,-0oX oX;=0X
QE(r)=QY. | E(r,;.,)cosd_, —E(r, .,)cos,., | an:; [E(r“n) Y (T 1on) ~ }
- 20X . —O0X. —O0X.
QE(r)=0Q3 E(na) oX, 5?; X,
n=1

o =4 Z%(EJF zcjexp(—n/c)sinZ(nkTAj

 Aze,m A N

28



Transverse Lattice Mode Confined in a Plasma
—effect of charge neutrality

B 2

QE(rj+1) QE(rj 1)
= 7

w° <0 fj,j—i\ g rjj+1 '
- oXi. 0: 7770, oXi
if o <-a (A)or : = . T
e 1 1
L J J

+1

Unstable only if the interparticle distance
becomes smaller than the critical value.



Linear chain to zig-zag, then to helical structure

c=R/A

= (2Q%/dns,ma?)"?

H :iZN;(Xi2+yi2+azi2)+%$l ‘Xixj‘ E, =May (5 /2

rn = (R cosnéd, Rsin ng, nA)

O0n1 0, 0Z, ~ exp| —i(at+nkA) |
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Dispersion Relation

2141 J
0’1" 6R=—=>
A3 = Dflz
/5,0\ 1—§ 0 0
SR =| &6¢ b= 8 !
\ 07

=&z X -
Z‘j: 2452 2(
COS

C,, =1-cos( JkA)cos(JO) -




Dispersion relation for a linear chain

c=R/A=0
Longitudinal case 2 g N Siﬂz(jkA/Z)
@ :_32 3
AN, J
Transverse case
sin® jkA/Z)

@2:2——32

Linear chain is unstable for transverse modes if a)2 <0

v 2sin? (ika/2) [ 7¢(3))*
A < AC]. Aclz[z (JJS )J N, kA=7 >( géf )j =1.28131
=1

¢ (k) = Riemann zeta function

Linear chain transforms into double chains.



Zig-zag to Helices
Set 5p=52=0 Sp=0

2 4 2(kAj 2" . 2(kAj 2 . z(kAj Z(kAj
@ =——sin +-==sin ——sin’| — |cos’| — |+
A 2 ) A 2 ) A 2 2

, _ ,-3/2
@ <0if 3>8 1+(2D/A)’ |

B 1/2
8/3
Substitute D =| -1+ 2 } %

Then|A <[-10+14¢(3)]" =1.897=A,,

Zig-zag structure transforms into helical structur

T Kamimuraand O Ishihara, Physical Review E 85, 016406 (2012)



Two dimensional lattices

0 S -

°
t

°
'

o o o o

square

lattice

T

hexagonal
lattice

honeycomb
lattice



Interaction Energy

Consider interaction energy of a given dust particle at the origin with all other
dust particles in the crystal in the presence of plasma.

Q _; - .
E, = total interaction energy E,° =interaction energy between dust particles

E; = interaction energy of the reference dust particle

=E’+E/
with the neutralizing background
A
VNNV NN/ . ., @

X(0) |E?

' —‘x—x(ﬁ)‘/ y) e—|x|/ y)
—HEOX'EO‘Z x— xé)‘_ X]

VAVAN ,

2
Qj eWigix=——2 om
72'80|X| Are,a,
AN NN Background charge density o, __Q
A
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Variation of Potential Energy

X, =X(L)=x(L")

SX, =0X(L)=x (L")

QZ ([ (O)+8x()]=[x(¢)+8x(¢)])1 2

4re, ” [x(£)+ Sx ()| - x(t)+ox(0")]
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Dispersion Relation
for hexagonal lattice

For k<<l

0, /2% 20Q° 1 1
= - —=1.90C. —

For «>>1

2:\/4\/57[2\/ 2Q2 ~5/2 o —~/3k%187

K €
k 3% Areg,myA

= 4.95C g S/2g Ve

K=A C =\/ 2Q°

As S Are,m A

O. Ishihara, Plasma Physics and Controlled Fusion (2012)
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SUMMARY
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Complex Plasma

an emerging field

END



