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Dusty Plasmas (or Complex Plasmas): prerequisites

Plasma textbook model:

— electrons e~ (charge g. = —e, mass m.),

— ions it (charge q; = +Z;e, mass m; > m.); qi/m; < q./m.
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Dusty Plasmas (or Complex Plasmas): prerequisites

Dusty Plasmas (DP):

— electrons ¢~ (charge —e, mass m.),
— fons i (charge +Z;e, mass m; > m.); ¢;/m; < qe/m.

— charged particulates = dust grains d* (most often d~):
charge Q = sZze ~ £(10° — 10%) e, (s = £1)
mass M ~ 10”m,, ~ 10*° m,,
radius » ~ 1072 um up to 10? pm.
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Where/how do dusty plasmas occur?

e Space: cosmic debris (silicates, graphite, amorphous carbon),
comet tails, man-made pollution (Shuttle exhaust, satellites), ...

e Earth’s atmosphere: volcanic eruptions, extraterrestrial origin
(meteorites) (> 2 - 10* tons/yr!), pollution, aerosols, ...

e Fusion devices: plasma-surface interaction in the divertor
region (graphite, CFCs), UFOs, ITER safety concern, ...;

e Jechnology: Semiconductor industry, Si microchips, dust
contamination, solar cell stabilization ...;

e Laboratory: (man-injected) melamine—formaldehyde
particulates injected in rf or dc discharges.

Sources: P. K. Shukla & A. Mamun, book (loP, 2002), G. E. Morfill et al., 1998, etc.
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Dusty Plasma physics: unique mesoscopic features

e Studies in slow motion are possible due to high M i.e. low
Q/M ratio (e.g. dust plasma frequency: w, 4 ~ 10 — 100 Hz);

e The (large) microparticles can be visualised individually and
studied at the kinetic level (with a digital cameral);

e Contrary to weakly-coupled e — i plasmas (I' < 1), Complex
Plasmas can be strongly coupled and exist in “liquid”
(1 < I < 170) and “crystalline” (I' > 170 [IxezI 1986]) States,
depending on the value of:

< Epotential > i %26_T/>\D

< Ekinetic > i kBT

Leps =

(r: inter-particle distance, T': temperature, Ap: Debye length, kg: Boltzmann’s constant).

— Dusty Plasma (Debye/Yukawa) Crystals!!! (DPCs)
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Dust Crystal experiments (1):

e |

dust dispenser

W

i
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e Theoretical prediction: 1986 [H. Ikezi, Phys. Fluids 29, 1764 (1986)];

e Experimental realization: 1994

[H. Thomas, A. Melzer et al. PRL 73, 652 (1994); Chu & Lin | J. Phys. D 27 296 (1994),
Hayashi & Tachibana, Jap. J. Appl. Phys. 33 L804 (1994)];
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Dust Crystal experiments (2):

Particles:
M elamine-Formaldetyde
diarneter: few LLm :
gon, krypton
iPa ... 100 Pai=1 mban

G e

[Source: H. Thomas, A. Melzer et al., PRL 1994].
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e [Today, various experimental groups active worldwide:
G E Morfill (MPleP Garching, Germany), A Piel (Kiel, Germany), A Melzer(Greifswald,
Germany), D. Samsonov (Manchester, UK), J Goree (lowa, US), V Fortov (Moscow,

Russia), Lin | (Taiwan), A Samarian (Sydney, AUS), S Takamura (Nagoya, Japan), ...

o Experiments aboard the International Space Station (ISS);

e Mesoscopic analog of micro-structures; research focus:
— phase transitions, crystallization processes
— relaxation times, diffusion effects
— phase space distribution (visually observable!)
— L & NL waves: harmonic generation, solitons, vortices, ...

e 3D, 2D (hexagonal, mostly), 1D lattice configurations possible
(— video).
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Looking into dusty plasmas
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Outline — Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites
Nonlinearity in 1D DP crystals: Origin and modelling

2. Transverse dust-lattice (TDL) excitations:
amplitude modulation, transverse envelope structures

3. Longitudinal dust-lattice (LDL) excitations:
amplitude modulation, envelope structures, solitons

4. 1D Discrete Breathers (DBs) — Vvassilios Koukouloyannis CP13 Thu AM
5. 2D DBs in hexagonal crystals — Kody Law MS32 Tue PM

6. Conclusions
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Preliminaries — Focus on 1D DP crystals: Model Hamiltonian

iH" % Z (drn) Z Uz’nt(rnm) g (I)ewt(r’fl)

m=£n

Terms include:

— Kinetic energy;

meshed electrode  rectangular electrode

FIG, 10, Expr |CV.'|I F| a linear d chain abaov

— ®,,+(r,,) accounts for ‘external’ force fields: ™=="*" s
may account for confinement potentials
and/or sheath electric forces, i.e. I'jcain(z) = —42.

— Coupling: U;,«(rnm) is the interaction potential energy;

Q.: Nonlinearity: Origin: where from ?
Effect: which consequence(s) ?
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Nonlinearity in DPCs: Origin & modelling (1)
— Sheath environment (anharmonic vertical potential):
1 1 1
O(z) ~ P(z) + §Mw§(5zn)2 + §Moa (62n)° + ZMﬂ (62n)*

cf. experiments [lvlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)],
0zn = zn — 2(0); @, [3, w, are defined experimentally
w*

|l -.r“"'"‘-l-.‘
2 ‘,m.,.“w..r*
o Fa CEciar
oy 1 ‘ '
= futif
Figure 3: (a) Forces and (b) trapping potential profiles 72 ) as function of distance
from the electrode for: ng = 2% 108cm ™3 (solid line). ng = 3% 108em 3 (dashed line),
10 |« 10%¢m 3 (dotted line). The parameters are: P L6 mtorr., T [ &1,
T; =T, =005 eV, R=25 pm, pa=15gem >, ¢y =6 V. Source: Sorasio et al. (2002).
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Nonlinearity in DPCs: Origin & modelling (2)
— Interactions between grains: anharmonic, screened ES:

2

Upatiiin) = ALgr1%)
’

Expanding U;,.:(rnm) = Uini(\/ (Azpm)? + (Azpm)?) near:
Axn?n = Tnp — Tpn—m ~ MTo, AZ’rvm = 2 T s AU,
one obtains:

1 il
Unm(T) = §Mw%70(Axnm)2 L §Mu}%70(Aznm)2

1 1 7t
—|—§U30(A£Enm)3 -+ ZU4O(AZBnm)4 4+ ...+ ZUO4(Aznm)4 —+

1 1
—|—§U12(Aibnm)(A2nm)2 —+ ZUQQ(A$nm)2(Aan)2 -+ ...

Details in: | Kourakis and P. K. Shukla, Int. J. Bif. Chaos 16, 1711 (2006).
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Nonlinearity in DPCs: Origin & modelling (3)

— Coupling among degrees of freedom induces nonlinearity:
anisotropic motion, not confined along principal axes (~ z, 2).

i

el

[cf. A. Ivlev et al., PRE 68, 066402 (2003); I. Kourakis & P. K. Shukla, Phys. Scr. (2004)]
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Discrete coupled equations of motion

d*(6x,)
dt?

—a9g [(5wn+1 = 5wn)2 — 0z, — 5a:n1)2} + asp [(5:1}n+1 = 5:1%)3 — (0, — 5a:n_1)3

e wS’L (0xpt1 + 0xp_1 — 20xy,)

+ an2 {(5271—%1 T, 5271)2 ir. (5271 Fy 5271—1)2
— a1 [(5:13n+1 — 0%y )(62nt1 — 5zn)2 — (0xy — 0xp_1)(02, — (5zn_1)2] ,

d*(6zy)
57 e wS,T (202, — 02p11 — 02pn—1) — ws F

Al I T S A S Ll ! RS A L 5zn1)3]
To

+ 2 ago [(5$n+1 —0xy,)(0zne1 — 02n) — (6 — 6p—1) (02, — (5zn_1)]

— ais [(5:13n+1 — 5:Un)2(5zn+1 —dzy) — (6xy, — 5a:n_1)2(5zn — 5zn_1)] ;

14
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Continuum coupled equations of motion

02
ve 2 2T i) r A
v CL Ugpr — 1_2T0 Uprre —

3 4 74

— a12 Té [(waz)2 U + wawxa}uw] A 2 an2 7“3 Wy Wey

2

. 2 G 29 g

2 3 3 2
— Kiw® — Kow” + 3apary (W) Wey

+ 2 aga Th (Uy Wep + WeUzy) — 1275 [(Ug)* War + 2UztzeWy]

15
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Outline — Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites
Nonlinearity in 1D DP crystals: Origin and modelling

2. Transverse dust-lattice (TDL) excitations:
amplitude modulation, transverse envelope structures

3. Longitudinal dust-lattice (LDL) excitations:
amplitude modulation, envelope structures, solitons

4. 1D Discrete Breather excitations (intrinsic localized modes)
5. 2D Discrete Breather excitations in hexagonal crystals

6. Conclusions
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2. Transverse DP-lattice excitations
The vertical n—th grain displacement ¢z,, = z,, — z() obeys

d?(0z,,
Elt2 ) +w%0 (0znt1+ 021 —202,) + wg azz=()
*wrg = [—qU’(rO)/(Mro)} MRl w4 exp(—k) (1 + K)/K° (1)

*wpr = [¢?/(MM3)]Y/2; \p is the Debye length;

* Optical dispersion relation :
(backward wave, v, < 0): N
g 0.8 S ST
¢ . il
Ww? = wg ., 4w%)0 SmQ(/@rO/Q) Z " ~ o T
Y 0.4 T~
= 0.2
=]
- . , . .
= 0.2 0.4 0.6 0.8 1

wavenumber k norm.
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2. Transverse DP-lattice excitations
The vertical n—th grain displacement 6z,, = z,, — z(o) obeys

d(0zp)
dt?
*wro = |—qU'(ro)/(Mro)] AL w2, exp(—k) (1 4+ r)/x3 1)
*wpr = [¢?/(MM3)]Y/2; \p is the Debye length;

+w%’0 (0znt1+ 021 —202,) + wg 0z, =0

* Optical dispersion relation @
(backward wave, v, < 0) T:

(b) \ 500 515417 0 17 34 1 30 5
2 2 2 ’ 2 DUStN0,1 Y VB‘I:ICal grsplegem?l[umj 0
W — T 4wT O S111 (kTO/Q) A N L (a) — d=04mmY . 1%
g ) LR B NI RN R et = o] §
180+ 9 sl
T ] 3150-........ 2 ]
Cf. experiment: Sl WARNNERR Evsof ]
T. Misawa et al., PRL 86, 1219 (2001) SLLETT N § -_
AL RRERR 1
%0 R . L 1 L __ 121
(Nagoya’ Japan)' L 0020 40 60 80
'Horizontal position [mm] kr [mm'1]
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2. Transverse DP-lattice excitations
The vertical n—th grain displacement ¢z,, = z,, — z() obeys

d(0zp)
dt?

*wro = |—qU'(ro)/(Mro)] A w2, exp(—k) (1 4+ r)/x3 1)
*wpr = [¢?/(MM3)]Y/2; \p is the Debye length;

+w%’0 (0znt1+ 021 —202,) + wg 0z, =0

* Optical dispersion relation %
(backward wave, v, < 0) T: R
w? = w; — 4wt sin (kro/2) -
I Cf. experiment: ; REZ°Y axperiment
B. Liu et al., PRL 91, 255003 (2003) : § f;i:;r?t:zﬂzm_1
W b g S L A i L N theery v_=0.0 5"

5 I I
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What if nonlinearity is taken into account?

d?6z,,
dt?

—%c@%0(5zn+1%—5zn_1——25zn)+—wg5zn
+a(62,)° + B(62,)° = 0.

* Intermezzo: NL wave amplitude modulation — localisation!

‘ k

il M il vw —
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Large amplitude oscillations - envelope structures
A reductive multiple scales technique, yields

Oziy e (AePrtc.c.) +€2&[ 2|A| —I—( A~ 2Z¢”—|—CC>] + ...
9

9

e Harmonic Generation (multiples of ¢,, = nkrg — wt)

e The harmonic amplitude A(X,T)):
— depends on the slow variables { X, T} = {e(z — v,t), €t} ;
— obeys the nonlinear Schrodinger equation (N LSE):
24,224 L 0lapa (1
oT 0X 278
— Dispersion coefficient. P = w"'(k)/2 — see DR;

— Nonlinearity coefficient: Q = [10a?/(3w?) — 3 3] /2w.

[I. Kourakis & P. K. Shukla, Phys. Plasmas, 11, 2322 (2004); 11, 3665 (2004).]
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22

Modulational stability analysis & envelope structures
e P() > 0: Modulational instabillity, bright solitons:

il

’

[ o o

-20

\/ 10 20

— TDLWs: possible for short wavelengths i.e. k.. < k < 7/rg.

e P() < 0: Carrier wave is stable, dark/grey solitons:

I

m m |

| |

H

'nﬂ“

i

7

TSR A R R L AT

—ejo] { Y [H4d b b UVVU b 44 EC —gjol { 1 [44 ) U b 4 50
-9.5} -n.5¢ U

T

— TDLWs: possible for long wavelengths i.e. k < k...
Rem.: Q > 0 for all known experimental values of «, (3
[Ivlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)].
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Experimental confirmation (2005)

PHYSICAL REVIEW E 71, 026410 (2005)

Vertical wave packets observed in a crystallized hexagonal monolayer complex plasma

D. Samsonov, S. Zhdanov,™ and G. Morfill
Max-Planck-Institut fiir Extraterrestrische Physik, D-85740 Garching, Germany
(Received 30 January 2004; revised manuscript received 27 May 2004; published 24 February 2005)

PHYSICAL REVIEW E 71, 026410 (2003) VERTICAL WAVE PACKETS OBSERVED IN &...

PHYSICAL REVIEW E 71, 026410 (2003)

time (s}

g

intensity {arb. u.)

FIG. 2. Side view of the vertical wave packet propagating in a
monclayer lattice. (a) Initial position of the packet (b) Displaced
packet. The group velocity I (the velocity of the packet envelope
marked by the dashed line) is directed right, while the phase veloc-

ity Iy (the veloeity of the modulating wave marked by the solid
line) points left. The illuminating laser beam is indicated by the
gray bar. We observe only the areas where it intersects the lattice

(solid line), which appear as moving stripes in the experiment.

0 10 20 30 40

distance (mm}
FIG. 4. Visualization of an experimentally observed wverfical
wave . The intensity of E vhic]

height than that used in Ref. [16]. mostly vertical oscillations

FIG. 3. Top view of the lati tme 1.4-1.5 5 after the exci-
. — , : - - R - - tation, when the wave packe: vell formed The wire positioned
1'1‘_ ere e}*CI_TEd- It was accomp:_imed b_‘" avw E‘IT\- "‘_" e:{k COﬂlp[E' = at the left edge of fiald of view below the lartce excited the
sional soliton (with compression ratio =1). A time mterval of wave packet. The par visible only i
. . of the iluminatng act. The strip like

about 1 min was allowed for the lattice to come nto equilib- move from ight to 1eft due to e vert :
rum. Several experimental runs were recorded with very respond to the lines of constant phase (phase motion). Individuzl

= 3 - particles do not move honzos The oumbers on the images
good reproducibility.

indicate the frame munber (ar 230.75 fos). to inverse optical-like dispersion of the vertical wave mode

(Qualitative study; modulational instability not investigated.)
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Outline — Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites
Nonlinearity in 1D DP crystals: Origin and modelling

2. Transverse dust-lattice ( TDL) excitations:
amplitude modulation, transverse envelope structures

3. Longitudinal dust-lattice (LDL) excitations:
amplitude modulation, envelope structures, solitons

4. 1D Discrete Breather excitations (intrinsic localized modes)
5. 2D Discrete Breather excitations in hexagonal crystals

6. Conclusions
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3a. (Nonlinear) longitudinal excitations.
The nonlinear equation of longitudinal motion reads:
d*(dx,,)

dt?
—a20 [(0Znt1 — Q) T (it 5:137,,_1)2}

+ asp |:(5.fljn_|_1 O AN 590”_1)3}

= wg’L (0xpi1 + 0xpn_1 — 20x,)

—dx, = x, — nro. longitudinal dust grain displacements

— Cf. Fermi-Pasta-Ulam (FPU) problem:
anharmonic spring chain model.
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Coefficients (for Debye interactions)

In general:

A 1 11/ T ]' 111/
a0 = ZMU (r0) , @30—6MU (ro) ,

wir, = U"(ro) /M,
For a Debye (Yukawa) potential Up(r) = Q% e~ "/ 0 /r:

2Q% _ 1+ K+ K?/2
w(%,L 7 M)\% € (3 = C%/(/{z)‘QD) )

W i B

y/
2 AP (4 Q —F(,l
e e T ol

www.tpd.rub.de/~iocannis/conf/200807-SIAM-oral.pdf 2008 SIAM NW08, Rome 21-24 July 2008
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Longitudinal Dust-Lattice wave (LDLW) modulation
The reductive perturbation technique (cf. above) now yields:
O0xy R € [uél) + (ugl) e'¥n + c.c.)| + € (ug) e2'Pn + c.c) + i
[Harmonic generation; cf. K. Avinash PoP 2004].

where the amplitudes now obey the coupled equations:

au(l) 52 (1) / / pok f 8u(1)
(9T _|—PL 6X2 +QO‘U/§ )|2ug) ZCUL g) X :Oa
gy pok” 0\ ) 0\ @
g = R(k %
pX> vg,L_c% ax M1 = k)
2 2
-Qo = & (wk*+ ) P = w02

S = Rl 1S, T} are slow variables;
A MY i —TOUW( 0)/M = 2&207“8 v QU 7 U””(To)’l"é/(QM) — 3&307"3.
— R(k) > 0,8since Yk v, <wporo=cr (sound velocity).
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Asymmetric longitudinal envelope structures.

— The system of Egs. for u( ) ( ) may be solved exactly:
-+ asymmetr/c envelope solutions.

— P =P, =uw!(k)/2 < 0;

— @ > 0 (< 0) prescribes stab/l/ty (mstabl ity) at low (high) &

ull vs. ulo®

1 7N
0.5

B
ie]
g 1
=
Q
%
0 - 0
3 |
W
o
-0.5 ]_wz\/\/\AA/V
—
©
o
-1 s =2

amplitude

e B g i F e R
g g

-7.5-5-2.50 2.5 5 7.5 10 -7.5-5-2.50 2.5 5 7.5 10

position x position x (at IOW k)
[I. Kourakis & P. K. Shukla, Phys. Plasmas, 11, 1384 (2004).].
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3b. Longitudinal soliton formalism.

A link to soliton theories:

— Continuum approximation, viz. dx,(t) — u(x,t).

— “Standard” description: keeping lowest order nonlinearity,
2

e A 2 CL 2 o
U4V U — Cr Ugpy — 1_2T0 Urgre =— — PO Uy Ugy

cr, =wroTo; wro and pg were defined above.

— For near-sonic propagation (i.e. v =~ cy,), slow profile evolution
in time 7 and defining the relative displacement w = u,, one
obtains (for » = 0) the Korteweg-deVries Equation:

W, — awwg—l—bwcgg =4 ()

Defs.: ( =x —vt; a=pg/(2cy) > 0; b=cpri/24 > 0.
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The KdV description: The Melandsgo (1996) theory
The Korteweg-deVries (KdV) Equation

Wy — awwe+bweee = 0
yields compressive (only, here) solutions, in the form (here):

wi1(¢,7) = —wy msech? | ( — v — )/ Lo

— Pulse amplitude: wW1.m = 3v/a = 6vvg/|pol;
— Pulse width: Lo = (4b/v)"? = [202r2 / (vv)]V/2;
— Note that: w1 ., Li = constant (cf. experiments)T.

— This solution is a negative pulse for w = wu,,
describing a compressive excitation for the displacement éx = u,
l.e. a localized increase of density n ~ —u,.

F Melandsg 1996: S Zhdanov et al. 2002; K Avinash et al. 2003; V Fortov et al. 2004.
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The Korteweg-deVries (KdV) Equation
wr — aww¢+bweee = 0
yields compressive (only, since a > 0) solutions, in the form:
wi(¢,7) = — 2sech? | (v/4b)1/2(¢ — v7 — o)

— This solution is a negative pulse for w = wu,,
describing a compressive excitation for the displacement éx = u,
i.e. a localized increase of density n ~ —u,, 7.

EdvV-—Talated poluticons, a=4 1

H 19 [T T
H —— - -h‘\\\-"'
a3 9 3
2 "
"'I-J" ‘7.*‘-\" [ )
-5 R
-E- oy H‘m:“ =]
i W IR v wrss
-4 -2 0 2 4
poasition x

I F. Melandsg 1996; S. Zhdanov et al. 2002; K. Avinash et al. 2003; V. Fortov et al. 2004.
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Characteristics of the KdV theory

The Korteweg - deVries theory:

— provides a qualitative description of compressive excitations;
— benefits from the KdV “artillery” of analytical know-how:
integrability, multi-soliton solutions, conservation laws, ... ;

but possesses certain drawbacks:

— approximate derivation:

— propagation velocity v near (longitudinal) sound velocity c;,,
— time evolution terms omitted ‘by hand’,

— higher order nonlinear contributions omitted;

— only accounts for compressive solitary excitations (for Debye
Interactions).
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Experimental observation of LDL solitons
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pression. The lower dashed ourve is a it e the ajectory of FG 3. Comnression fctor i i versus disance o the win . . ol e T .
the soliton. The upper dotled line was drawn above a weak sec- . 4. LOMPression f8chare oy verts disiance D he wie - 4. Liompression [clor versus particle number for a simu
cndary pulse with Mach oumber A = 1. Its slope is delermined al different times. The solid lines show the theoretical fils 1o lated linear chain model.  [F describes the ommation of two
bw the I| i1 '“- e ik peed [' 49 1' . the i l.i-l : the experimental data. Two solibons are present. The Ais and (or mores solitons by a single excittion palse and qualitatively
¥ the dusl lalhce wave speed =3 mm/s 0 he micdle experimnial points at later imes are offset down Chy 0.4, 007, agrees with the experiment. The curves at later times are offset
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[Samsonov et al., PRL 2002].

e Only compressive solitons predicted by KdV theory;

e Only compressive solitons experimentally anticipated and,
hence, reported in 2002;

e What about rarefactive longitudinal solitons?
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4. Extended longitudinal soliton formalism
Q.: What if we also kept the next order in nonlinearity ?

— “Extended” description:

2

C
. . Z Fdi kol y
U+ VU — Cr, Ugyx — 19 o Ugzxx = — Po Ug ux:c"_QO (ua:) Uy

cL =wrporo; wro, po~ —U"(r) and gy ~ U""(r) (cf. above).

:E‘mlinfarity coeff. po ¥i kappa gatm:linaarity coaff. gl v kappa
17.5}. . -
25
24
& 15

14Q

kappa
(b)

(b

Fig 4, r‘-ﬂ%:'. Ille 11_011111199.1'1;‘;' c*uefﬁcien_r- po (normalized aver Fig. 5. (a) The nonlinearity coefficient gy (normalized over
7/ (MAp)) is depicted against the lattice constant & for N = Qz;,- (MAp)) is depieted against the lattice constant & for N =
L (first-neighbor interactions: —), N = 2 (second-neighbor 1 (first-neighbor interactions: —), N = 2 (second-neighbor
interactions: - - -}, N = oc (infinite-neighbors: — — -}, from interactions: - - -), N = o (infinite-neighbors: — — -), from
bottom to top. (b) Detail near & =~ 1. bottom to top. (b) Detail near & =~ 1.

Rq.: qo Is not negligible, compared to py! (instead, qo =~ 2pq practically!)
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4. Extended longitudinal soliton formalism (continued)

Q.: What if we also kept the next order in nonlinearity ?

— “Extended” description: :

2
L
i d 2 LA WY 2
U + Vu_cLua:a:_Eroumxazx = —Po Uz Ugzx T q0 (um) Ugy

cL, =wroTo, Wro, Po and gy were defined above.

— For near-sonic propagation (i.e. v ~ cy,), and defining the
relative displacement w = u., one has

w, — awwe +aw? wet+bweee = 0 (2)

(forv=0); (=x—vt; a=po/(2cr)>0; b=crrs/24 > 0;
a #M ol 2T IZ 0.
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Characteristics of the EKdV theory

The extended Korteweg - deVries Equation:
— accounts for both compressive and rarefactive excitations;

EFdV va. K4V, s=+1

EKdV ve. XAV, 8 =41

H W w
= o

-2F
o -3}

1
=

-4 -2 g 2 4
position x

-4 -2 0 2 4
position x

rel. digplacement wlix,
H oo
{
f
£
!
M
V|
i
|
displacement ul{x, t)
b
L
IIIJ'
)

(horizontal grain displacement u(x,t))

— reproduces the correct qualitative character of the KdV
solutions (amplitude - velocity dependence, ... );

— is previously widely studied, in literature;
Still, ...
— It was derived under the assumption: v =~ cy.,.
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One more alternative: the Boussinesq theory

The Generalized Boussinesq (Bqg) Equation (for w = u,):
2 4l
W — C% Wy — Cﬁgo Warazs /7 % (wZ):U:z: ;3 %Q (wg)az:c

— predicts both compressive and rarefactive excitations;

— reproduces the correct qualitative character of the KdV
solutions (amplitude - velocity dependence, ... );

— has been widely studied in literature;
and, ...
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One more alternative: the Boussinesq theory

The Generalized Boussinesq (Bq) Equation (for w = u,):

2 P
Arss C% Wey = %wxmxaﬁ i %(wQ)x:c_F%Q(wg)x:c

— predicts both compressive and rarefactive excitations;

— reproduces the correct qualitative character of the KdV
solutions (amplitude - velocity dependence, ... );

and, ...

— relaxes the velocity assumption, i.e. isvalid V v > cy.

Edv va. Boussineaq, M = 1.1 EdV va. Bougsinesqg, M = 1.5
Roo.4f ? g4 h
“ I| H I|I

8. 3= e | I S|
o \ o

o i ot 1%,
o -n.4f o -0.4 A

-3 “2 0 2 4 -3 —2 0 2 4

position x positicn x

[l Kourakis & P K Shukla, European Phys. J. D, 29, 247 (2004)] .
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Added “in proof’:
Experimental observation of rarefactive LDL solitons (2008)

Solitary Rarefaction Wave in a Three Dimensional
Complex Plasma

Ralf Heidemann, Max-Planck-Institut fiir extraterrestrische Physik

Abstract
Observation of a solitary rarefaction wave in a three dimensional complex plasma

containing monodisperse microparticles will be presented.

The experiments were performed in a capacitively coupled, symmetrically driven RF
discharge. The discharge chamber is a slightly modified version of the PK3plus design
currently flyimng on board the ISS.

A gas temperature gradient of 400K/m was applied to balance gravity and to levitate the
particles in the plasma bulk. The wave was exited by a short voltage pulse on the electrodes
of the rf discharge chamber. It was found that the wave propagates with constant speed and
that the amplitude damping factor is significantly lower then Epstein damping.

Poster by Ralf Heidemann et al, ICPDP5 conf, Acores May 2008
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Outline — Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites
Nonlinearity in 1D DP crystals: Origin and modelling

2. Transverse dust-lattice (TDL) excitations:
amplitude modulation, transverse envelope structures

3. Longitudinal dust-lattice (LDL) excitations:
amplitude modulation, envelope structures, solitons

4. 1D Discrete Breather excitations (intrinsic localized
modes)

5. 2D Discrete Breather excitations in hexagonal crystals

6. Conclusions
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4. Transverse Discrete Breathers (DBs)

VoLUME 84, NUMBER 4

PHYSICAL REVIEW LETTEERS

24 Jaryary 2000

Discrete Breathers in Nonlinear Latﬁce:s;:?' Experimental Detection in a Josephson Array

——"E. Trias.! J.J Mazo."? and T.P. Orlando

| Department of Electvical Engineering and Computer Science, Massachusetts Tnstitute of Technology,
Cambridge, Massachuserts 02139
2 Departamento de Fisica de la Materia Condensada and ICMA, CSIC-Universidad de Zavagoza, E-50009 Zaragoza, Spain
{Received 7 April 1999)

We present the experimental detection of discrete breathers in an underdamped Josephson-junction
array. Breathers exist vnder 2 range of do cutrent biases and temperatures, and are detected by measuring
de voltages. We find that the maximum allowable bias current for the breather 15 proportional to the amray
depinning current, while the minimum current seems to be related to a junction retrapping mechanism.
We have observed that this latter instability leads fo the formation of multisite breather states in the array.
e have also studied the domain of existence of the breather at different values of the array parameters

by varying the temperature.

PACS numbers: 74.50.=x, 45.05.+x, 63.20Pw, 8525.Cp

Discrete breathers have been mathematically proven to
be generic solutions for the dynamics of nonlinear coupled
oscillators [1,2] and have been theoretically studied in
depth in the last few wvears [3.4]. These solutions are
characterized by an exponential localization of the energy.
Their existence results from the nonlinearity and discrete-
ness of the system. Discreteness is essential to preventing
resonances between the breather and the system character-
istic frequencies. Surprisingly, this localization occurs in
perfectly regular systems, so that it is ininnsic and differ-
ent from Anderson localization or any other localization
due to the presence of imperfections or impurnties in the
lattice. Thus, discrete breathers are also known as intrin-
sic localized modes. They have been proposed to exist in
diverse systems such as in spin wave modes of antiferro-
magnets [5], DNA denaturation [6], and the dynamics of
Josephson-junction networks [7-9]. Also, they have been
shown to be important in the dynamics of mechamcal en-
gineering systems [10,11].

www.tpd.rub.de/~iocannis/conf/200807-SIAM-oral.pdf

tions that govern the motion of a driven pendulum [14]:
i=¢ + I'¢ + sing. The response of the junction to 2
current is measured by the voltage of the junction which
is given by v = (Py/27 )d ¢ fdt. By coupling junctions it
15 possible to construct solid-state physical realizations of
nonlinear oscillator systems. Moreover, since the parame-
ters, such as I', vary with temperature, a range of parameter
space can be studied easily with each sample.

The inset of Fig. 1 shows a schematic of the anisotropic
ladder array.  The junctions are fabricated using a
Nb-AlLO,-Nb trilaver technology with a critical cur-
rent density of 1 kA/cm®. The current is injected and
extracted through bias resistors in order to distribute
the external current as uniformly as possible through
the array. These resistors are large enough so as to
mimmize any deleterious effects on the dynamics. The
anisotropy of the array h is the ratio of areas of the
horizontal to vertical junctions. In our arravs b = 1/4 and
h=1lpfley =R, /By =Co/C,. and T, =1, =T

41
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4. Transverse Discrete Breathers (DBs)

Localizing Energy Through
Nonlinearity and Discreteness

discusses this path to DBe in more de-

Intrinsic localized modes have been theoretical constructs tail. An ILM ie an excitation that is lo-

for more than a decade. Only recently have they been

calized in space by the intrinsic non-

observed in physical systems as distinct as charge-transfer lineanty of the medium, rather than

solids, Josephson junctions, photonic structures, and

micromechanical oscillator arrays.

David K. Campbell, Sergej Flach, and Yuri S. Kivshar

In solid-state phy=sics, the phenomenon of localization 18 usu-
ally perceived as ariging from exérinsic disorder that breaks
the discrete translational invariance of the perfect crystal lat-
tice. Familiar examples include the localized wibrational
phonon modes around impurities or defecta (such as atomic
vacancies or interstitial atoms) in caryvstals and Anderson lo-
calization of electrons in disordered media.! The usual per-
ception among solid-state researchers ie that, in perfect lat-
tices—those free of extrinsic defects—phonons and electrons
exist only in extended, plane wave statea. That notion extends
to any pertodic structure, such as a photonic crystal or a pe-

ricdic array of optical wavegmides. Such lirmly entrenched
perceptions were severely jolted in the late 1980s by the dis-
covery that infrinsic localized modes® (ILMs), also known as
discrete breathers® (DBs), are, in fact, typical excitations in
perfectly periodic but stronglv nonlinear svstems.

The past several yvears have seen this prediction con-
firmed by a flood of experimental ohservations of [LM= in
physical svstems ranging from electronic and magnetic
polida, through microengineered structures including
Josepheon junctions and optical waveguide arrays, to laser-
induced photonic crystala. Experimentalista are currently
hot on the trail of ILMs in Bose—_Einstein condensates
(BECz) and biopolvmers. Hopes are high that these exotic
excitations will be useful in all-optical logic and switching
devices and in targeted breaking of chemical bonds, and will
prove helpful to the understanding of melting processes in
palids and conformational changes in biomoleculea

www.tpd.rub.de/~iocannis/conf/200807-STAM-oral.pdf

by a defect or impurity. Box 2 reviews
thizs path to ILMs.

By the early 1990z, researchers
following these two paths had con-
verged on the insight that stable lo-
calized periodic modes, whether called
ILMs or DBs, were generic excitations
in discrete nonlinear svetems, and that to atudy them svs-
tematically, one should start with a system of uncoupled
nonlinear oscillatore—the “anti-continuum limit"—and
treat the coupling as a weak perturbation.

To pursue this insight, consider the simple problem of
a diatomic molecule, or dimer, modeled initially by a clas-
sical system of two coupled anharmonic oacillatora. First,
imagine that the interoacillator coupling is switched off;
that leaves two independent nonlinear oscillators. The
nonlinearity of the oscillators means that the frequency of
their motion depends on the amplitude or, equivalently,
the input energy. In the case of the familiar simple but non-
linear plane pendulum, for example, the period varies fraom
the small oscillation harmonic limit of 25V Vg, where [ is
the length of the pendulum and g ia the acceleration due
to gravity, to infinitely long ae the amplitude of the pen-
dulum’s angle approaches 7. When the oscillators are com-
pletely uncoupled, we can form a localized mode by excit-
ing only one of the oacillators, and the resulting frequency
can fall anvwhere in the range allowed by the form of the
anharmonicity of the individual oscillator.

Now congider exciting one oecillator atrongly but the
second one only weakly so that most of the energy is ini-
tially localized at the first oscillator. Because the frequen-
cies depend on the amplitudes, we can, in principle, choose
amplitudes such that the frequencies of each oacillator are
irrationally related. For strictly incommensurate frequen-
cies, no possible resonances exist between any of the os-

42
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4. Transverse Discrete Breathers (DBs) (cont.)
e EqQ. of motion in the transverse direction:

d*u,,
T —- W%,o (Upa1+ Up_1— 2Up) +w§un +oul 4+ Bud =

e Damping may be neglected (for low plasma density and/or
pressure): v/w, ~ 0.00154 (Misawa et al., PRL 2001]).

e 1D DPCs are highly discrete lattice configurations:
€ = wO/w ~ ().016 (Misawa et al., 2001]); € =~ 0.181 ([Liu et al., 2003]).

e One may seek discrete breather solutions (localized modes):

Z A, (m) exp(imwpt)

where only few (m ~ 1 — 5) sites are excited.
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4. 1D Transverse Discrete Breathers (DBs) (cont.)

* Non - resonance condition:
mwp # wr(k) Vi =1y 254

* In-phase and out-of-phase DBs may occur in DPCs:

N
PHYSICS OF PLASMAS 12, 014502 (2005)

Discrete breather modes associated with vertical dust grain oscillations
in dusty plasma crystals

I. Kourakis® and P. K. Shukla”
Institut flir Theoretische Physik IV, Fakultdr fiir Physik und Astronemie, Ruhr-Universitdt Bochum,
D-44780 Bochum, Germany

(Received 8 June 2004; accepted 27 September 2004: published online 3 December 2004)

PHYSICAL REVIEW E 76, 016402 (2007)

Existence of multisite intrinsic localized modes in one-dimensional Debye crystals

V. Koukmlloyannisl"5‘ and I. Kourakis™'
1School of Physics, Theoretical Mechanics, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece
2Institut fiir Theoretische Physik IV, Fakultdt fiir Physik und Astronomie, Ruhr Universitdt Bochum, D-44780 Bochum, Germany
(Received 15 January 2007; published 9 July 2007)
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Stable vs. unstable Transverse DBs in DPCs

Ab-initio study, adopting values from the Kiel experiment
[Zafiu et al., PRE 63 066403 (2001).] — Vassilios Koukouloyannis CP13 Thu AM
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Outline — Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites
Nonlinearity in 1D DP crystals: Origin and modelling

2. Transverse dust-lattice ( TDL) excitations:
amplitude modulation, transverse envelope structures

3. Longitudinal dust-lattice (LDL) excitations:
amplitude modulation, envelope structures, solitons

4. 1D Discrete Breather excitations (intrinsic localized modes)
5. 2D Discrete Breather excitations in hexagonal crystals

6. Conclusions

www.tp4d.rub.de/~ioannis/conf/200807-SIAM—-oral.pdf 2008 SIAM NW08, Rome 21-24 July 2008



|. Kourakis, Nonlinear waves in dusty plasma crystals

T T

Observation of two-dimensional
discrete solitons in optically
induced nonlinear photonic lattices

Jason W. Fleischer® {, Mordechai Segev* f, Nikolaos K. Efremidis:
& Demeirios N. Christodoulides:

* Physics Department, Technion—Israel Institute of Technology, Haifa 32000,
Israel

+ Hactrical Engineering Depariment, Pringeton University, New Jersey 08544,
UsA

t School af Optics/\CREQL, University of Central Florida, Florida 32816-2700,
UsA

Nonlinear periodic lattices occur in a large variety of systems,
such as biological molecules', nonlinear optical waveguides®,
solid-state systems” and Bose-Einstein condensates”, The under-
lying dynamics in these systems is dominated by the interplay
between tunnelling between adjacent potential wells and non-
linearity*-'*, A balance between these two effects can result in
a self-localized state: a lattice or ‘discrete’ soliton'*, Direct
observation of lattice solitons has so far been limited to one-
dimensional systems, namely in arrays of nonlinear optical

waveguides** 7, However, many fundamental features are
expected to occur in higher dimensions, such as vortex lattice
solitons'®, bright lattice solitons that carry angular momentum,

and three-dimensional collisions between Jattice solitons. Here,
we report the experimental observation of two-dimensional (2D
lattice solitons, We use optical induction, the interference of two
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5. 2D Transverse Discrete Breathers (DBs)

letters to nature

can balance this effect, leading to a lattice (discrete) soliton™ ', For
light propagating at an angle 8 = k, (k = k,/k, with respect o the
array, the periodicity of the lattice becomes important, as the
corresponding ‘Bloch momentum’ k, can satisfy Bragg reflection
conditions within the Brillouin zone (defined in the range |[k,D| =
#. where [ is the lattice spacing). Mear the edge of this zone,
diffraction becomes anomalous (‘negative’), leading to such effects
as diffraction management™™ and staggered (® out-of-phase)
solitons' 57, These are some of the fundamental aspects of solitons
in nonlinear periodic structures, which were originally discovered
through the theoretical paradigm of the discrete nonlinear Schri-
dinger equation'—'%, hence the term ‘discrete soliton™? Exper-
imentally, self-localized ‘breathers’ have been observed in various
phiysical seitings™, but lattice {discrete) solitons have thus far been
reported only in nonlinear optical systems and only in one-dimen-
sional (1D} configurations™ " *", In what follows we demonstrate
bright 2D lattice solitons in their simplest realization: in-phase
solitons at the base of the first Brillouin zone. In addition, we
demaonstrate bright self-trapped wave packets at the edge of the first
Brillouin zone.

The formation of the 2D nonlinear photonic lattice relies on an
optical induction technique " in which a 2D array of waveguidesis
induced in a nonlinear medium, We proposed this method theo-
retically and recently demonstrated experimentally’® 1D lattice
solitons in a 1D waveguide array. The waveguide array is induced, in
real time, in a photosensitive material by interfering two or more
plane waves, A separate ‘probe’ beam is launched into the periodic
waveguide array, where it exhibits discrete diffraction and, at a
sufficiently high nonlinearity, forms alattice soliton. For this system
to work, it isessential that the waveguides are as uniform as possible,
implying that the interference pattern (inducing the lattice) must
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2D T-DBs: the anticontinuum limit method
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Ab-initio study, adopting values from the Kiel experiment
[Zafiu et al., PRE 63 066403 (2001).]; see Videos — v Koukouloyannis CP13 Thu AM

V. Koukouloyannis & |. Kourakis, in preparation.
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5. 2D T-DBs: the DNLS method — kody Law MS32 Tue PM
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K Law, P Kevrekidis, V Koukouloyannis, | Kourakis, D Frantzeskakis & A R Bishop, sub PRE.
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Conclusions - State of Art

— Dust crystals provide an excellent test-bed for NL theories;

— Observations are possible at the kinetic level. unique
possibility for physical data processing & real-time analysis;

— Link between Plasma Phys., Solid State Physics, Stat. Mech.;

— Theory (1D): Envelope solitons, (non-topological) solitons,
Discrete Breathers: predicted;

— Theory (2D): Discrete Breathers, vortices, .... predicted,;

— Experiment: Harmonic generation, density solitons, NL TDL
oscillations, backward wave: observed (Urge for more :-) );
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Overview of existing results
1. 1D: Transverse dust-lattice (TDL) motion (~ NL KG, inv. disp.):

— Envelope (NLS) solitons [Ik & P K Shukla, Phys. Plasmas 11, 1384 (2004)]
— DBs (ILMS) [V. Koukouloyannis & IK, PRE 76, 016402 (2007)]

2. 1D: Longitudinal dust-lattice (LDL) motion) (~ FPU):

— Asymmetric envelope structures (coupled Oth/1st harmonics)
[IK & P K Shukla, Phys. Plasmas 11, 3665 (2004)]
— KdV vs. eKdV / Bq solitons [iK & PKS, Eur. Phys. J. D 29, 247 (2004)]

Rem.: experimentally observed (compressive case only)

3. 2D: In-plane (“LDL’) motion in hexagonal DP crystals:

— Envelope structures [Faroknhi, IK & PKS, Phys. Plasmas 13, 122304 (2006)]

4. 2D: Out-of-plane (TDL) motion in hexagonal DP crystals:

— Envelope structures, DBs, vortices.
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Future considerations & perspectives
1. LDL-DBs ? (~ FPU);
2. Damping (dissipative system), ion drag, wake potentials, ...
3. Mixed T-L Mode: coupled FPU-NLKG Egs. (ongoing work);
4. 2D hexagonal dust lattices: vortices ? (seen experimentally);

5. Experimental feedback:

- establish & pursue contacts,
- seek confirmation of results, motivate experiments ...

— A lot remaining to be done!
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Thank You !

loannis Kourakis
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