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Cosmology and Pattern Formation
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Complex Behaviour of Pattern Forming
Nonlinear Dissipative Systems

« Patterns in space and time
 Attractors

« Complex dependence on
Initial conditions
boundary conditions
parameters

« Dependence on initial conditions = multistability

« Dependence on parameters and boundary conditions = bifurcation
 Lack of reproducibility in the presence of noise

« Chaos

 Understanding of self-organized patterns is one of the most important
problems of modern science
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Gas-Discharge Systems




.'.'. '\ Lichtenberg Pattern I:
b Experimental Set-Up

elektrophorus

Lichtenberg (1742-1749) 2-1



Lichtenberg Pattern II:
Reproduction of the Original Pattern

Lichtenberg (1742-1749) 2-2



Current Filaments
~in a Pulse Driven Planar Gas-Discharge System
with Dielectric Barrier

photograph of the luminescence radiation from the
discharge space measured on one electrode

Buss 1932 2-3



Chapter 3

Experimental Results
from
Gas-Discharge Systems
with
High Ohmic Barrier




Experimental Set-Up for Measuring
"’\l\l"" Self-Organized Patterns

In Planar DC Gas-Discharge Systems

discharge space

(He, Ar, Np; T=77-300 K; current and radiation density
30-300 hPa; d=0,5-2 mm;

D=1-5 cm) semiconductor
& g
glass (psc 10°-10° Q cm)
plate transparent
semiconductor
contact
CCD
camera _ light source
transparent R, or |
metal electrode (0-50 M)  infrared picture
U,
(1-5 kV)
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Superposition
of 1000 Subsequent Experimental Frames
of a Single Propagating Current Filament

I monotonoustails I oscillatory tails
IS

T
)
3 2 -1 0 1 2 3 =4 -2 0 2 4
coordinate X / mm coordinate x / mm

parameters. U, = 2,74 kV, pg- = 4,95 MQ cm, parameters: U, = 3,6 kV,pgc = 3,05 MQ cm,
R,=20MQ, Gas: N,, T=100 K, p = 280 hPa, Ro=4,4MQ, Gas: N,, T=100 K, p =279 hPa,
D=30 mm, d = 250 um, ag-=1 mm, | =46 PA, D=30 mm, d = 500 pm, ag-=1 mm, | = 200 WA,
Lexp=20 Ms o, =20 Ms

exp

Bodeker et al. 2003 3-2




Typical Dynamic Behaviour
of a Single Experimental Current Filament
In the Discharge Plane

r eal
time

parameters. U,=2,7 KV, ps=4,95 MQ cm,
R~=20MQ, Gas. N,, T=100 K, p=280 hPa,
D=30 mm, d=250 pm, ag-=1 mm, 1=46 pA

Bodeker et al. 2003
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Typical Scattering Process
for two Interacting Filaments
In the Discharge Plane

6 -4 -2 0 2 4 6

& o

52/ t=360ms [\
il

4

-

t=300 ms

Am

if

6 -4 -2 0 2 4 6
x/mm z/mm x/mm

parameters. U,=3 kV, p-=1.98 MQ cm, R=4.4 MQ, Gas. N,, T=100 K, p=244 hPa, D=30 mm,
d=500 um, agc=1 mm, 1=140 PA, t,,,=20 ms, f ;=50 Hz

Bodeker, Purwins 2003 3-4



Typical Process for Molecule Formation
of two Interacting Filaments
In the Discharge Plane

x/mm
parameters: U,=3.1kV, ps-=4.19 MQ cm, R;=4.4MQ, Gas: N,, T=100 K, p=290 hPa, D=30 mm,
d=500 um, agc=1 mm, 1=170 PA, to,,=20 ms, f ;=50 Hz

x/mm

Bodeker, Purwins 2003 3-5



Typical Process for the Generation

of a Current Filament in the Discharge Plane
5‘? ﬂz t=0 ms 5‘3_" UE t=127.5 ms fnz t=212.5 ms
N ] -
_ql f f | - i _'d| | ]
,, ¢ I 60 ' T ' [
~ ool * ! i
% gol

#/mm

&/ mm

parameters. U,=3,8 kV, ps-=4,14 MQ cm, R;=20 MQ, Gas. N,, T=100 K, p=290 hPa, D=30 mm,
Bddeker, Purwins 2003

d=500 um, agz=1 mm, 1=100-250 pA, t,,=0,2 ms, f. =2 kHz
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Typical Process for the Annihilation
of a Current Filament in the Discharge Plane

& 24

S of | t=211.5ms
Alp

-4

E—I-i -2 0 2 i -4 -2 0 2 4
x/mm r/mm o/ mm

parameters. U,=3,8 kV, ps-=4,14 MQ cm, R;=20 MQ, Gas. N,, T=100 K, p=290 hPa, D=30 mm,
d=500 um, agz=1 mm, 1=100-250 pA, t,,=0,2 ms, f. =2 kHz

Bodeker, Purwins 2003 3-7



Drift Bifurcation of an Experimental Filament
In the Discharge Plane Obtained from
Stochastic Data Analysis of Trajectories

= -
NU) - g
NE Rl ,
= 300 - , parameters:
o e ) F | Us=3,7kV, R,=10MQ,
% | Bt E | Gas: N, T=100K,
% 200 \ j, p=286 hPa, D=30 mm,
% o e | d=750 pm, ag-=1 mm,
% & S N 1=107 pA, t,,=20 ms,
/ LV
1| R = S i R L = A A _ '
0.5 1.0 | L 2.0 20

specific resistivity Pgc / MQcm

square of theintrinsic velocity as a function of the specific resistivity
of the semiconductor wafer and typical experimental trajectories

Bodeker et al. 2003 3-8



e Experimentally Observed Hierarchy
LA N,J\/\, of Filamentary Patterns

L
In the DC Gas-Discharge System |

single filaments

i

stationary travelling | blin:in?{,
osc. backg.

< N

dense clusters
arrangements (molecules)

Strimpel, Purwins 2000 3-9
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Experimentally Observed Hierarchy
of Filamentary Patterns
In the DC Gas-Discharge System |l

dense filament arrangement

B i

regular hex., | rregular cubic, liquid-like gas-like
stat., dyn. stat. irreg. moving irreg. moving
generated
at bound.,
travelling to
& annihilation
at center
chains net liquid-gas solid-gas
interface interface

Strimpel, Purwins 2000
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Experimentally Observed Hierarchy
of Filamentary Patterns
In the DC Gas-Discharge System Il

clusters

"'\.I ' Ty ' R L ™y I."

'. symmetric oscillatory rotating | travelling blinking
tails rotates

Strimpel, Purwins 2000 3-11
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Qualitative Model
for
Planar Gas-Discharge Systems
with
High Ohmic Barrier




The Local DC Gas-Discharge System
as Activator-Inhibitor System

metal

semiconducto

o B L Ol

—— d},;;--- e e

Ry
metal -4
A
equivalent circuit for the
U A area A without spacial
R, coupling
u*b--A-- behaviour of the circuit
] di du
l e Al=0AU=0—-—>0—=>=0
: > dt dt
"o e al=0,4U>0 53 20 g
characteristic of R, dt at

Purwins, Klempt, Berkemeier 1987 4-1



The 3-Component
Reaction-Diffusion-Equation
(3-k-RD-System)

u,=D,Au +f(u)-K,v—-K,w + Ki—& udQ,
]2

Tv,=D,Av +u -v,
8w, =D, Aw+u -—w,

f(u)=Au-u’,
u=u(xt), v=v(xt), w=w(xt), x@ OR"R?*R?
D,,D,, D, 1,6\ K, K;K,20.

Bodeet al. 2002 4-2



Dissipative Soliton

AJ\[\/» Numerical Solution of the 3-k-RD-System:
as Localized Travelling Solitary Structure in R”®

u(r, h) v(r,h) wir h)

1=48.0, =0.5, D,=1.510* D =1.86* 104, D, =9.6* 103, A=2.0, K,=-6.92, K,=0,
K,=8.5, K,=1.0, Q=[0,0.466]x[0,0.932], Ax=0.0155, At=0.01 .

Liehr et al. 2003 4-3



Numerical Solutions of the 3-k-RD-System:
Scattering
of Interacting Dissipative Solitons in R?

1=3.35, 8=0, D,=1.1*10", D,=0, D,,=9.64*104, A=1.01, k,=-0.1, K,=0.3, K,=1.0 Q=[0,1]x[0,1],
Ax=5*103, At=0.1 .

Liehr et al. 2003 4-4



Numerical Solutions of the 3-k-RD-System:
Formation of Rotating Molecules
Due to Collision of Dissipative Solitons in R?

1=3.35, 8=0, D_=1.1*10", D,=0, D,,=9.64*104, A=1.01, k,=-0.1, K,=0.3, K,=1.0, Q=[0,1]x[0,1],
Ax=5*1073, At=0.1 .

Liehr et al. 2003 4-5



Numerical Solutions of the 3-k-RD-System:
Generation
of a Dissipative Soliton Due to Collision in R?

1=3.47, =0, D,=1.1*10*%, D=0, D,,=9.64*10*4, A=1.01, k,=-0.1, K;=0.3, K,=1.0, Q=[0,1]x[0,1],
Ax=5*103, At=0.1 .

Liehr et al. 2003 4-6



Numerical Solutions of the 3-k-RD-System:
Annihilation
of a Dissipative Soliton Due to Collision in R?

1=3.59, =0, D,=1.1*10%, D=0, D,,=9.64* 104, A=1.01, K,=-0.1, K;=0.3, K,=1.0,
Q=[0,1]x[0,1], AXx=5*1073, At=0.1.

Liehr 2003 4.7



Drift Bifurcation of an Experimental Filament
In the Discharge Plane Obtained from
Stochastic Data Analysis of Trajectories

S — -
NU‘) - e
NE Rl ,
= 300 - , parameters:
3 e\  UF37KV,R=10MQ,
g | Bl ] i | Gas. N,, T=100K,
5 200 W p=286 hPa, D=30 mm,
- o e T d=750 um, ag.=1 mm,
0 B e 1=107 pA, t,,,=20 ms,
% LV
1| R = S i R L = A A _ '
0.5 1.0 1.5 2.0 2.5

specific resistivity Pgc / MQcm

square of theintrinsic velocity as a function of the specific resistivity
of the semiconductor wafer and typical experimental trajectories

Bodeker et al. 2003 4-8



q,\[\/v,_ Relevance of the 3-k-RD-System

exemplaric theoretical investigation

« 3-component nonlinear partial differential equation
 simple structure

 solutions reflect alarge variety of particle properties
« strong relation to electrical transport systems
 theoretical predictions could be manifested

« experimentally observed phenomena could be found in the solutions of
the equations

 expectation: deep insight into the formation of self-organized patterns

e deep insight into the mechanisms of pattern formation of nonlinear
dissipative systems in general

4-9
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The 3-Component

oo .\/J\/-v Reaction-Diffusion-Equation
0% - (3-k-RD-System)

u =D, 6Au +f(u)—-K,v-K,W + Kl—HKEZH udQ,
Q
Tv,=D,Av +u -v,
6w, =D, Aw +u -w,
f(u)y=Au-u’,

u=u(xt), v=v(xt), w =w(xt),x @O R"R*R?,

D,,D,,D,,T,8,A K, ,K,;K,20.

Bode et al. 2002 5-1



Reduction of the Field Equation
to a Dynamical Equation
for Dissipative Solitons |

ansatz:
normalization of the homogeneous stationary background to O,

u(x,T,,T,,T,) =U(X -p,) +U(X -p,) +€r, —€R,
v(x,T,,T,,T,) =0(X—p,) +U(X -p,) +€a, [(U(%* p,Hea QU pHe °r+e °R

V"

time scale separ ation:
P, =P, (T,,T,,T,), 1 =12, roy =r (T, T =¢t, j =1,2,3,

u,v

ea. =¢a, (T,,T,), R,,= RU,V(X).

isq[i ne of the activator u

o

visualization of p
and @ in R for a
dissipative Soliton

isoline of the inhibitor v

Bode et al. 2002 5-2



oo to a Dynamical Equation

28 Reduction of the Field Equation
e® '*/\[\fvh T . .
for Dissipative Solitons Il

equation of motion for N dissipative solitons

P = KB(ji _W. (ﬁl ----- I5N), 1=1,2,...,N
1. . - .

a; = g(T_K_)ai_KSQ]i?ui_ W, (B,,-..,PBy)
3

Bode et al. 2002 5-3



Interaction Function of the Equation of Motion
for Dissipative Solitons
Derived from the Field Equation

(a) (b)
(%) =V 0.6
u(x) V(X) LOF — i@x) ﬁ
. ~ _ 03F
F(d) = F(|p2 — p1|) 0.5t i(x)
0.0k 0.0F
—0.5F ) ~0.3}
1.0 pa . § || —d
. . . —0.6 . . .
(0.3 0.5 (0.6 (L8 0.9 0.3 0.5 0.6 (1.8 (.9
I T
\e) (d]
4.0 40
30 — Fid)/10~4 2 0k
2.0} 00f A Ne
Lok ~2.0f — F{d)/10-"
—40f
0.0F
. " . ) —H.0 i "
005 020 025 030 035 040 010 0.2} EL 0.40)
o el

atc: 1=0, 8=0, D,=0.5*10*, D =0, D,=103, A=3.0, k,=-0.1, K,=1.0, k,=1.0, ©=[0,1.2],

Ax=5*1073,

b+d: D,=1.1*10%, D,,=9.64* 104, A=1.71, K,=-0.15, Ax=2.5* 103, othersasin a+c.

Liehr 2003
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Determination of the Interaction Function
from Experimental Trajectories
Using New Stochastic Data Analysis

O
| I
e

acceleration a/ mm s?2
n
(-
b
+
+

15 20 25 30 35
distance d / mm

parameters. U,=4600 V, ps-=3,55 MQ cm, R;=4,4 M Q, Gas: N,, T=100 K, p=283 hPa, D=30 mm,
d=550 pm, agc=1 mm, [=233pA, t,,,=20 ms, f, ;=50 HZz

Bodeker et al. 2003 5-5



Examples for the Interaction Behaviour
of Dissipative Solitons in R*
Obtained from the Model Equations

reduced equation (a), field equation (b)-(d)
| |

Interaction trajectories
(a) diagram Lb) (¢)  (1,8)=(3.35002 (d)  (1,§)=(3350.174)
0.2 T 0.5 0.5 0.5
B El:l
—AT
wr DL = 00 = 00 = 0.0
0.0 -0.5 -0.5 0.5
3.33 3.42 3.51 .3 .0 05 0.5 0.0 0.5 —0.5 0.0 ns
T X T T
whitearea: scattering B, : rotating molecules| & : parallel offset
B,, : rotating molecules | T : relaxation time
687000 _
Fd)=- T 574 c0s( 43.15(d ~0.199) ), Q =1960

6=0, D,=1.1*10%, D,=0, D,,=9.64*104, A=1.01, K,=-0.1, K;=0.3, K,=1.0,
Q=[-0.5,0.5]x[-0.5,0.5], Ax=5*10-3, At=0.1 .

Liehr et al. 2003 5-6



Phase Separation

In the Solutions of the Reduced Equation

for many Dissipative Solitons

marked solitonsin thelargest cluster at starting time

ko =
g

:

0 ¢

& ‘%} N 5

e) ¢ = 140000

B

b) ¢ = 110000

;.

"ﬁ"b

f) ¢ = 150000

el ¥

uh% =0 .

i

]

.....

c} ¢ = 120000

g e

X
%

g) t = 160000

pie) o i
JoLa. % ) b

h) ¢ = 170000

1=3.34, 8=0, D_,=1.1*10%, D =0, D,,=9.64*104, A=1.01, K,=-0.1, K;=0.3, K,=1.0,
Q=[-2,2]x[-2,2], Ax=5*10"3, At=0.1; F(d), Q = 1950.

ROttger 2003
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Experimental Set-Up for Measuring
"’\l\l"" Self-Organized Patterns

In Planar DC Gas-Discharge Systems

discharge space

(He, Ar, Np; T=77-300 K; current and radiation density
30-300 hPa; d=0,5-2 mm;

D=1-5 cm) semiconductor
& g
glass (psc 10°-10° Q cm)
plate transparent
semiconductor
contact
CCD
camera _ light source
transparent R, or |
metal electrode (0-50 M)  infrared picture
U,
(1-5 kV)

6-1



Model Equation
q,\[\/\,,_ for the DC Gas-Discharge System |I:

Gas-Discharge Space (-d <z <0)

a.n_+div(l,) =S,

. ne, n, electron/ion density
o.n, +div(l)) =S,

S S, €lectron/ion sourceterm

1
Ap=-—e(n,—n), [, [, eectronfion particle current density
0

U K,  €electron/ion mobility

r.=-pnE-D, On,
. _ . E electrical field
I, =p,n,E-D, Un,
D, D, €lectron/ion diffusion constant
S.=S, =vn,—Bnn, P
E=—ip, \Y lonisation rate
B recombination rate
ue,p = IJ'e,p(E)l V= V(E)’ q) electrical pOtenUaI
Dep =k Tep Mo (E)/ & T, T, electron/iontemperature

jg=e(l, —T.). j,  global electrical current density

Amiranashvili, Purwins 2003 6-2



Model Equation
"’\[\P“ for the DC Gas-Discharge System IlI:

Semiconductor Wafer (0 <z <dg)

|  Ylobal electrical current density
]SC = \E, A specific electrical conductivity
E=-0[%, E electrical field
div (e [p = 0. ¢ electrical potential

£ dielectric constant of the semiconductor

Amiranashvili, Purwins 2003 6-3



Model Equation
_ for the DC Gas-Discharge System llI:
Boundary Conditions Gas — Semiconductor at z=0

0.0-D Ao =¢, (Tg ~Jec)se00 o) surface charge
1 L= L = e
8—0 =(ee,E),.,, (6 E),_,, Dg diffusion constand of surface charge
0 — . . . .
€, unity vector in z-direction
(Fpéz)zw = (u,n E& +-n, <Vp>)z-—0’ 3 dielectric constant of the semiconductor

v, V, thermal eectron/ion speed

(Fe8,),-0 = (-HNEE, o
1 ~ Y W-Townsend-coefficient
+Zne<ve> "V )0 K Boltzmann-constant
m,, m, electron/ion mass
<Ve,p> =\/8k Tep/ T, . U voltage drop at the component
(0),-s —(9),, =U.

Amiranashvili, Purwins 2003 6-4
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Experimental Set-Up for Measuring
"’\l\l"" Self-Organized Patterns in Quasi-1-Dimensional

DC Gas-Discharge Systems

discharge gap

semiconductor glass plate  movahle metallic
anode cathode
a X. AL TS AL LI R,
kAL A AT LTSS LSS TLSS, s

metallic ——
contact cooling system "
]  E—— Ll.l'rr
-+

power supply cross section

electric circuit

metallic
semiconductor  eathode .
anode tﬂp view

Radehaus et al. 1987 7-1



Cascade of Current Filaments
In a Quasi-1-Dimensional
DC Gas-Discharge System |

TYY

& & 4

YYYY Y

Yy

<

increasing driving voltage Ug

Radehaus et al. 1987, Willebrand et al. 1992 7-2



Cascade of Current Filaments
In a Quasi-1-Dimensional
DC Gas-Discharge System |l

decreasing driving voltage Ug

Radehaus et al. 1987, Willebrand et al. 1992 7-3



Travelling and Interacting Current Filaments
In a Quasi-1-Dimensional
DC Gas-Discharge System

increasing driving
voltage Ug

Willebrand et al. 1992

7-4



Experimental Set-Up

for Measuring Self-Organized Patterns
In Planar AC Gas-Discharge Systems

direction 'Df
nbsewatmn transparent contact (ITO)

I

U=0..1500V

L3

a, = 0,3...1,0 mm dielectricum
1

d =0...2,0 mm gas layer

f a, = 0,3...1,0 mm dielectricum

Al-contact

Brauer, Purwins 2000
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206 “‘\ﬂfv Experimentally Observed Hierarchy
e — of Filamentary Patterns in the DBD System |

single filaments
( \ / \ [ \ { \

stationary breathing travelling deformed
k.)
dense clusters
arrangements (molecules)

Brauer, Purwins 2000 7-6



Experimentally Observed Hierarchy
of Filamentary Patterns in the DBD System I

dense filament arrangement
: ( \ . "
regular \( irregular \( regular ) [ rotation | rotation
stat. dyn. moving moving with memory|| on circles

o= generated
at bound.

annihilated
at center

3

domains

Brauer, Purwins 2000 7-7



'\'\[\/‘v Experimentally Observed Hierarchy
— of Filamentary Patterns in the DBD System Il

clusters
i Y . AW 4 o
symmetric oscillatory || asymmetric

tails moving

dense clusters
f \
symmetric || asymmetric

Brauer, Purwins 2000 7-8



AN A,J\,\* Current Filaments in n-GaAs Plates
- Measured at 4.2 K by Electron Microscopy

o - 200um

decrease of driving voltagefrom A to F

Mayer et al. 1988 7-9



.'.'. «/\ﬂ,\, Clusters of Localized States Measured in a
' Laser Driven Na Vapour Cell

Schaperset al. 2000 7-10




Nerve Pulse Propagation I:
Mechanism for Generation
of Electrical Potential Difference

e®® @ _©® 0 g 0 o0, "*°
o © Y ey ca¥a 8
®o o oo ® ® SODILM L & @
CHANNEL
OUTSIDE e @ o [
\ ®
_ e
® | ®
AXON .
MEMBRAMNE !.
bae
| S e
INSIDE i e L) —
POTASSILM
9 L % ® ev 0@ CHANNEL
& & ' @ ® o
” 0® o %e * 4 o

Keynes 1979 7-11



Nerve Pulse Propagation II:
Membrane Potential and lon Conductivity
Plotted as a Function of Time

- +El
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