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Outline

1. Dusty plasmas (DP) & DP crystals (DPCs): Prerequisites.
(1) Focus: 1d dust crystals in lab.
(i) 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. Conclusions.
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1. Dusty Plasmas (or Complex Plasmas): prerequisites

Dusty Plasmas (DP):

— electrons e (charge —e, mass m.),
— lons i* (charge +Z;e, mass 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 Jechnology: Semiconductor industry, Si microchip, dust
contamination, solar cell stabilization ...;

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

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

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):

el I v*-}‘rﬁ?’

dust dispenser

W

]
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Talafalatefal Tads alafe¥afodal.

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

e Experimental realization: 1994

[H. Thomas 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), J Goree (lowa,
US), V Fortov (Moscow, Russia), Lin | (Taiwan), S Viadimirov
(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
cf. Talk by D. Samsonov.
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Looking into dusty plasmas

www.tp4.rub.de/~ioannis/conf/200804-IoP-oral.pdf IOP Plasma Physics Group Annual Meeting, 1-4 March 2008



I. Kourakis, Nonlinear excitations in dusty plasma (Debye) crystals 9

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. Ijcain(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 1d DPCs: Where does it come from? (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,
Ti =Ty =005V, R=25 pm, py =15 gem >, gy = V. Source: Sorasio et al. (2002).
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Nonlinearity: Where from? (2)

— Interactions between grains: Electrostatic character
(e.g. repulsive, Debye), long-range (yet charge screened:

ro/Ap ~ 1), anharmonic; typically: Upcpye(r) = ;exp (—7r/AD).

Expanding U;,(rnm) = Uine(\/ (Azpm)? + (Azpim)?) near
equilibrium:

NGE Lopt! (51 13 e SV AP L 2SR of Xl =7 0 O [ s )
one obtains:

1 |
Unm(T) = §Mw%70(Axnm)2—|—§Mw%7o(Aznm)2

1 A 1
—|—§U30(A£Bnm)3 —|— Z’UJ4Q(AZIZ‘nm)4 —|— —|— ZUOZL(Aan)LL —I-
1 1
—|—§u12(Axnm)(Aznm)2 = ZU/QQ(Axnm)2(Aan)2 RELs.
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Nonlinearity: Where from? (3)

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

[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, — 5:cn_1)3

e wS’L (0xpt1 + 0xp_1 — 20xy,)

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

d*(6zy)
57 e wS,T (202, — 0211 — 02n—1) — ws F

R 2 e e Y A A e S ) AR STl 5zn1)3]
To

+ 2 ago [(5$n+1 —0xy,)(02ne1 — 02n) — (6 — 6p—1) (02, — (5zn_1)]

— a1s [(5:13n+1 — 5:Un)2(5zn+1 —dzy) — (6xy, — 5$n_1)2(52n — 5zn_1)] ;

13
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Continuum coupled equations of motion

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

3 4 74

— a12 Té [(wa:)2 Uy + wawxmu:ﬁ] 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]

14
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Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites.
(1) Focus: 1d dust crystals in lab.
(i) 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. Conclusions.
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2. Transverse DP-lattice excitations
The vertical n—th grain displacement 6z,, = z,, — z(y) 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 (02nt1+ 021 —202,) + wg 0z, =0

* Optical dispersion relation :
(backward wave, v, < 0): N
g 0.8 S ST
# . il
Ww? = wg ., 4w%)0 81n2(kr0/2) 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(y) 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 (02nt1+ 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 Ve;tlcal 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 . wiso-l....... 2 ]
Cf. experiment: Sl WARNNERR Evsof ]
T. Misawa et al., PRL 86, 1219 (2001) SLLITT11 8 A -_
AR R RN 1
%01 " E . [ 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 6z,, = z,, — z(y) obeys

d?(z,,
(8 )+w%’0(52n+1 + 0zp_1—202,) +w3 azz=()

dt?
twro = [~aU(r)/(Mro)] " = wh, exp(—r) (1+5)/s* D

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

* Optical dispersion relation %
(backward wave, v, < 0) T: RS
w? = w; — 4wt sin” (kro/2) -
I Cf. experiment: > BT experiment
B. Liu et al., PRL 91, 255003 (2003) : § f;i:;r?t:zﬂzm_1
(oW SO S E NP P S e | T 7T 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!

|

1.5 1.5

L AT UU”U i "n”n@ Un“n"ﬂ"%” :
P w

H 71?
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Large amplitude oscillations - envelope structures
A reductive perturbation (multiple scale) technique, viz.
e {to,tl i Gt,tg S €2t, }, It {ZCQ,$1 == 8 ALY = 62213, }
yields (e < 1; damping omitted):

0zp 2 €(Ae'® +c.c.) + 6204|: 2|A‘ + <3 22627’¢”+CC>] 4

9

(¢n, = nkro — wt); the harmonic amplitude A(X, T):
— depends on the slow variables { X, T} = {e(x — v t), €t} ;
— obeys the nonlinear Schrodinger equation (NLSE):

o4, 04,
‘or T ax2

QIAPA=0, (1)

— Dispersion coefficient. P = w"(k)/2 — see dispersion relation;
— Nonlinearity coefficient: @ = [10a*/(3w?) — 3 3] /2w.
[I. Kourakis & P. K. Shukla, Phys. Plasmas, 11, 2322 (2004); 11, 3665 (2004).]
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Modulational stability analysis & envelope structures

e P(Q) > 0: Modulational instability of the carrier, bright solitons:

Il g
) v,\v,\v,\@nwnﬂﬂr 4 M!\n\bnunv,\v 0
W

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

Rem.: ) > 0 for all known experimental values of «, £.
[Ivlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)]

Source: G. Sorasio et al. (2002). 261 (a) |
'-—I.|
£ ] -
= 2.4
—
]
2.2r 7
Figure 9 Dust grain oscillations induced by a 1% Huctuation in plasma density 2 : L L I I I :
[he simulation parameters are: P = 0.9 mtorr, ng — 0.8 % 108 o3, Te L eV, 'ﬂ 2 'd- E 3 ‘Fﬂ ‘FE 14 16
Ty =T — 005 eV, R — 25 pm, pg — 15 gem 3. gy — 6V, g — 0.06, ¢, — 1%ng time [s]
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Modulational stability analysis & envelope structures
e P(Q) > 0: Modulational instability of the carrier, bright solitons:

el Z
n@nﬁjﬂﬂﬂ 4 Mn“\g‘u °
W

— TDLWs: possible for short wavelengths i.e. k., < k < 7/rg.
e P(Q) < 0: Carrier wave is stable, dark/grey solitons:

T o T e
T e e
il I

IR T

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

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites.
(1) Focus: 1d dust crystals in lab.
(i) 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. Conclusions.
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3a. (nonlinear) longitudinal excitations.
The nonlinear equation of longitudinal motion reads:
d*(0x,,)

dt?
—ag0 [(0Znt1 — o 5$n_1)2}

+ asp [((hnﬂ O AN (5:6“_1)3}

= wg’L (0xpi1 + 0xp_1 — 20x,)

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

— Cf. Fermi-Pasta-Ulam (FPU) problem:
anharmonic spring chain model.
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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.)| + € (u( ) e2idn 4 c.C.) + ...,

[Harmonic generation; Cf. experiments: K. Avinash PoP 2004].

where the amplitudes now obey the coupled equations:
(1)

au(l) 82 (1) 1 1 p()k' 1 816
T T T QO‘“§)|2“§)+2¢UL up T =0
gy pok” 0\ ) 0\ @
= — = R(k 7
e vg,L_c% ax M= k)
2 2
~Qo = & (wk*+ ) P = w02

S = Rl TS, T} are slow variables;
—po= —rU" (ro) /M = 2as9rs , qo = U""(ro)rs/(2M) = 3azors.
— 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 =Py =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. éx,(t) — u(x,t).

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

e A 2 CL 2 o
U+VU— Cr Ugpy — 1_2T0 Urgre = — PO Ug 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, — awwngbwcgg =4 ()

Defs.: ( =x —vt; a=pg/(2cy) > 0; b=crri/24 > 0.
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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

L
¥ TN
i Wy
o "
-'I-J- ‘a*f‘\,' " ]
-Or "-._‘ L _,..1 { "~
E. "nh-_‘r" '-.L_‘\-"‘--. - _ ]
g =140t T oo
-4 -2 ] 2 4
poasition x

T F. Melandsg 1996; S. Zhdanov et al. 2002; K. Avinash et al. 2003; V. Fortov et al. 2004.
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Experimental observation of LDL solitons

i T T T T T
115 15 | 0Zs @ o
nds =
20 5 T
:l 1.1|“,-§ N io0s ®
w 1.5 - = ke o+ o
T B ; 5 3 e o
e It ; B 1057 = z
E e g n . 5
Z 10F @ g - =
0E | 4
g g o= 3
N 1.00 5 E * = E
0.5 a ] [
(]
al s
[l ] == i - F . 0.95 +
] 10 20 J0 440 e S u ,
distance o wirg (mm) i .
0E l{ 1 1 1 1 1 1 1 0.5 1 1 1 1 1 1
FIG. 2. Compression factor o S 88 a function of Gme and E 10 168 20 26 I I 4 & a 10 20 230 40 &S0 &0 TO
distance o the wire, Darker regions comespond o higher com- distanca o wie jmmj particle number
pression. The lower dashed curve is a [t o the rajectory of FIG. 3. Compression factor s /. versts distance o the wire 6.5 © ion fact ficl ber F .
h - - 3 sion f I 5 dis : : A WEOAN 1o S —
the: soliten. The upper dettad line was dovwn ahove o weak sec- it fitm - The: mldl han) (o thi fastial £ f, 3. \LOUpUERSION JACIY Versya partic & oube for 8 31
sndary pulse with Mach number & = 1. Is slope is determinad at different times. The solid lines show the thecretical fils 1o lated linear chain model. It describes the fomation of wo
'i ' the dust 1 i | ; o 1- . he mickle the experimental data. Two solibons are present. The Ais and (or mores solitons by a single excittion palse and qualitatively
vy the dusl Iathee wave speed Cpy = 23 mm/s 1o he mikdh experimental poinis al later times are offset down (by 0.4, 0.7, agres wilh the experiment. The curves at later imes are offsel
ol the lathce, L3, 1.3, respectively ). doven (hy 0,45, 75, 1.0, and 1.3, mspectively

[Samsonov et al., PRL 2002].

e Only compressive solitons predicted by KdV theory;

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

e What about rarefactive longitudinal solitons?
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Extended description: the Boussinesq theory
The Generalized Boussinesq (Bq) Equation (for w = u,):

2 wel
ZD W C% Wy = %wxacazx 7 %(wQ)mx_F%(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.

KdV ve. Boussineaq, M = 1.1 FdV va. Bougsinesqg, M = 1.5

4 0.4 2 gl
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[from: | Kourakis & P K Shukla, European Phys. J. D, 29, 247 (2004)].
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Menu

1. Dusty plasmas (DP) & DP crystals (DPCs). Prerequisites.
(1) Focus: 1d dust crystals in lab.
(i) 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. Conclusions.
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4. Transverse Discrete Breathers (DBs)
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(imwt)

where only few (m ~ 1 — 3) sites are excited.
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4. Transverse Discrete Breathers (DBs) (cont.)

* The well-known non - resonance condition is recovered:

mwp # wr(k) Vit = Al 2 i

* “Bright-type” few-site DB solutions (localized pulses):
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R e
" Existence & stability profile established:

[V Koukouloyannis & | Kourakis, subm. PRE; arxiv.org/pdf/nlin.PS/0703020].
*
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Conclusions - State of Art
— Dust crystals provide an excellent test-field for NL theories;

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

— Technology for experiment:. cheap and readily available;
— 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, compressive solitons, NL
TDL oscillations, backward wave: observed (Urge for more :-) );

— Future scope: dissipation, mode coupling, ... “(Realism!)”.
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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:
— DBs, vortices (in preparation).
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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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