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|. KouraKis, Collective processes in dusty plasma crystals |

. Outline™s
1. Introduction o
& Dusty Plasma (DFP): a rapid overview of notions and ideas;
@ Prerequisites: Linear waves in 1d dust crystals;

@& Nonlinearity in 1d DP crystals: Origin and modeling

. Nonlinear effects on transverse dusi-ia

amplitude modulation, transverse env
.

. Nonlinear effects on /G
modulation, longitudi

. LongitudinalloGas

. 1d DiscreieiSiean f

. Conclusions:
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1. Intro.: DP — Dusty Plasmas (or Complex Plasmas):
definition and characteristics

1 Ingredients:
— electrons ¢~ (charge —e, mass m.),
— jons i* (charge +Z;e, mass m;), and
— charged micro-particles = dust grains d (most often d™):
charge Q = +Z4e ~ 4(10° — 10%) e,
mass M ~ 10°m, ~ 10" m,,
radius r ~ 1072 um up to 102 pm.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Origin: Where does the dust come from?

1 Space: cosmic debris (silicates, graphite, amorphous carbon), comet dust,
man-made pollution (Shuttle exhaust, satellite remnants), ...
— talks by M Rosenberg & P K Shukla

1 Atmosphere: extraterrestrial dust (meteorites): > 2 - 10* tons a year (!)(*),
atmospheric pollution, chemical aerosols, ...

A Fusion reactors: plasma-surface interaction, carbonaceous particulates
resulting from wall erosion-created debris (graphite, CFCs: Carbon Fiber
Composites, ...)

— talk by S | Krasheninnikov

A Laboratory: (man-injected) melamine—formaldehyde particulates (**)
injected in rf or dc discharges; 3d (= multiple 2d layers) or 1d (by
appropriate experimental setting) crystals.

— talks by G E Morfill & V E Fortov

Sources: [P. K. Shukla & A. Mamun 2002], (*) [DeAngelis 1992], (**) [G. E. Morfill et al. 1998]
www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Some unique “heretic” features of the Physics of Dusty Plasmas:
1 Complex plasmas are overall charge neutral; most e~ reside on d—;
1 The microparticles can be dynamically dominant: new (dust) modes;
1 Studies in slow motion are possible; low @ /M ratio;

[ The dust mesoparticles can be visualised individually and studied at the
kinetic level (using digital image processing): kinetic theory “a la carte”!

[ Dust charge (@) # const.) is now a dynamical variable;

1 Complex plasmas can be strongly coupled, may exist in “liquid” and
“‘crystalline” (I' > 170 [Ikezi 1986]) states; high coupling parameter I

< Epotential 0, 7 Q2 e—r/)\D
i Ekinetic 2 r1

Pepr =

(r: inter-particle distance, T': temperature, \p: Debye length).

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Dust laboratory experiments on Earth & in Space (ISS):

CCD video camera tDp view
—————— macro lens

particles

grounded electrode kit of T
laser light

s_hun_ttl
13.56 MHz S
generator F;UWtE"?jd I
- electrode ring cylindrical laser
matchin
@—m (copper) lens

sicle view

= E Morfilf ef al
O T——— Plasima Fhys Confrol Fusion 44 (2002) 82635

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Focusing on 1d DP crystals:

He-MNe Laser

dust particles
ring clectrode \

meshed electrode  rectangular electrode

FIG. 10, Expenmental confipuration for fomming a linear dust chain above a
long rectangular box on a negatively biassd mesh electrode.

[Figure from: S. Takamura et al., Phys. Plasmas 8, 1886 (2001).]
www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Focusing on 1d DP crystals: known linear modes.
1 Longitudinal Dust Lattice (LDL) mode:

& Horizontal oscillations (~ z): cf. phonons in atomic chains;
@& Acoustic mode: w(k = 0) = 0;
& Restoring force provided by electrostatic interactions.

[ Transverse Dust Lattice (TDL) mode:

& \ertical oscillations (~ 2);
@& (Optical mode:
wik =0)=wy #0
(center of mass motion);
@& Single grain vibrations (propagating ~ z for k £ 0): Restoring force
provided by the sheath electric potential (and interactions).

[ Transverse (~ gy, in-plane, optical) d.o.f. suppressed.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Model Hamiltonian:

1 dr,, 7
= E §M (E) i g Uz’nt<’rnm) i q)€$t<rn>
n m=#£n

where:
— Kinetic Energy (1st term);
— U;nt(rnm) i1s the (binary) interaction potential energy;

— &..+(r,,) accounts for ‘external’ force fields:
may account for confinement potentials and/or sheath electric forces, i.e.

Fsheath(z) — —8(3[)/(9,2 f

Q.: Nonlinearity: Origin: where from ? Consequence(s) ?

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Nonlinearity: Where does it come from?

A (i) Interactions between grains: Intrinsically anharmonic!
@ Electrostatic (e.g. Debye), long-range, screened (ro/Ap =~ 1); typically:

W e = q;exp (=r/AD) .
@ Expanding U,.:(7nm,) Near equilibrium:
NG, = g =arh INGH el i B A )
one obtains:
Unnlr) 7 sMu o(Bn)? + - MuAo(B2)?
—l—%u;go(Axn)S + iU4O(A$n)4 + ...+ iu04(Azn)4 + ...

1 1
+§u12(ASBn)(Azn)2 < Zugg(Aazn)Q(Azn)z ey

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Nonlinearity: Where from? (continued ...)

4 (il) Mode coupling also induces non linearity:
anisotropic motion, not confined along one of the main axes (~ z, 2).
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[cf. A. Ivlev et al., PRE 68, 066402 (2003); |. Kourakis & P. K. Shukla, Phys. Scr. (2004)]
www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Nonlinearity: Where from? (continued ...)
[ (iii) Sheath environment: anharmonic vertical potential:
Sy A %ng(ézn)2 + %M@ (52,)° + iMﬁ (5z)* + ..
cf. experiments [lvlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)],
0zn = 2n — Z(0); @, (3, wy are defined via E(z), [B(2)]" and Q(z);
(in fact, functions of n and P) [ V. Yaroshenko et al., NJP 2003; PRE 2004]

Fignre 3: (a) Forees and (b)) trapping potential profiles U7(2) as function of distance
from the electrode for: g = 2% 10%¢m 3 (solid line), ng = 3= 10%cm 3 {(dashed line),
1o | % 10%m 3 (dotted line). The parameters are: P L6 mtorr, T: [ eV,
Ty =To = 0.05 €V, R =25 pm, pg = 1.5 gem >,y =6 V. Source: Sorasio et al. (2002).

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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2. Transverse oscillations
The (linear) vertical n—th grain displacement 6z,, = z,, — z() obeys (*):

d?(6z,)  d(6zy)
TN T

- w%’o (0zpa1+ 0zn1—20z,) + wg 02y, =0

1 TDL eigenfrequency:

1/2
wro = [—qU(r0)/(Mr0)]""” = wh, exp(—r) (1 + k) /x?
(for Debye interactions); = ro/\p is the lattice parameter;

3 wpr = [¢?/(M)3)]Y/2 is the characteristic DL frequency scale;

d \p is the Debye length.

(*) [Vladimirov, Shevchenko and Cramer, PRE 1997]

12

(1)

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Transverse oscillations (linear)
The (linear) vertical n—th grain displacement dz,, = z, — 2(g) obeys

(62,) | d(0%)

dt2 dt +w%,0 (5Zn—i—1 + 0zp_1 — 2 5Zn) 0 w; Q28 = 1)

d Neglect dissipation, i.e. set v = 0 in the following;

4 Continuum analogue: 6z, (t) — u(x,t), where

where cr = wr o 19 IS the fransverse “sound” velocity.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Transverse oscillations (linear, “undamped”)
The (linear) vertical n—th grain displacement dz,, = z, — 2(g) obeys

I s 5 25 2 52 = 0
2 T W (021 + 02n_1 — 202,) + wy 0z =
i - - .
Optical dispersion relation .
1
5 SN
. O 8 ‘-"'-_
(backward wave, v, < 0) T: : ST
. 0.6 S - TT
o
iy g w§—4w%0 sinQ(kro/Q) E 0. 4] S
=z 0.2
=]
M . : . .
= 0.2 0.4 0.6 0.8 1

wavenumber k norm.
o experiments: T. Misawa et al., PRL 86, 1219 (2001); B. Liu et al., PRL 91, 255003 (2003).

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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What if nonlinearity is taken into account?

d25zn_|_y d(6zy,)
dt? dt

+ w%)o (0zpa1+ 0zp1—202,) + wg 02y,

4 (62,)° 4 B (62,)° = 0.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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What if nonlinearity is taken into account?

d25zn+y d(6zy,)
dt? dt

+ w%)o (0zpa1+ 0zp1—202,) + wg 02y,

ta (62,)% + B (02,)° = 0.

* Intermezzo: The mechanism of wave amplitude modulation:
The amplitude of a harmonic wave may vary in space and time:

LI G 1

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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What if nonlinearity is taken into account?
d252n+y d(0zy,)
dt? dt

+ w%’o (0zna1+ 02n_1 —202,) + wg 02n

ta (62,) + B (02,)° = 0.

* Intermezzo: The mechanism of wave amplitude modulation:
The amplitude of a harmonic wave may vary in space and time:

Lt W W % ﬂ - W U(O

This modulation (due to nonlinearity) may be strong enough to lead to wave
collapse or formation of envelope solitons:
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Large amplitude oscillations - envelope structures
A reductive perturbation (multiple scale) technique, viz.

e =l (o 2 M [ ot oty ittt -/ )

yields (e <« 1; damping omitted):

- 2| A|? 2 Sy
0z ~ e(Ae® +cc) + €a [— | 2’ 4 <—2 e2ion | c.c.)] 1.4
Wy 3wy

Here,
d ¢, = nkry — wt is the (fast) TDLW carrier phase;
d the amplitude A(X,T") depends on the (slow) variables

[X, T} = {e(x — v4t), €*t}.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Transverse oscillations - the envelope evolution equation
The amplitude A(X,T) obeys the nonlinear Schrodinger equation (NLSE):

0A 0% A .
.0A o -
z8T+PaX2+Q|A|A 0, (7)
where
A The dispersion coefficient (— see dispersion relation)
1 dQWT(k)
T T

is negative/positive for low/high values of .
1 The nonlinearity coefficientis Q = [1002/(3w}) — 3 ] /2w.
[ Cf.: known properties of the NLS Eq.: Cf. previous talks.

[I. Kourakis & P. K. Shukla, Phys. Plasmas, 11, 2322 (2004); also PoP, 11, 3665 (2004).]
www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Modulational stability analysis & envelope structures
d P > 0: Modulational instability of the carrier, bright solitons:

2l
5 vﬂvhun@nwﬂvﬂuﬂuf 6

ol K

o O [ R ]

M!\n%ﬁv
JUUVQ\e 7

LN PN

-20 -10 10 20
012
-¥. 4

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

Rem.: @) > 0 for all known experimental values of «, 3.
[IVlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)]

T T T T T T T
2.6+ (al -
"—-.‘
£ 24y -
£~
—
[
2.2 .
Figure 9 Dust grain oscillations imnduced by a 19 Huetuation in plasma density 2 1 1 1 1 1 1 1
The simulation parameters are: P — 0.0 mtorr. ng — 0.8 % 10% e 3, Te — 1 €V, (1] 2 4 [ . g 10 12 14 16
Ty =Ty =005 eV, R=25 pm, pg = 1.5 gem ™, ¢y = 6V, ¢ = 0.06, ¢, = 1%mng time [s]

Source: G. Sorasio et al. (2002).
www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Modulational stability analysis & envelope structures
d PQ > 0: Modulational instability of the carrier, bright solitons:
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1 PQ < 0: Carrier wave is stable, dark/grey solitons:
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— 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)] :
www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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3. Longitudinal excitations
The (linearized) equation of longitudinal (~ z) motion reads (*):

I A ol 50
aesl BT

= wg,L (6xpi1 + 0Ty _1 — 20xy)

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

— Acoustic dispersion relation:
w? = 4wi sin® (kro/2) = w3 (k)

— LDL eigenfrequency: wg ;, = U"(ro)/M = 2w}, exp(—k) (14 K + £%/2) /K7
()

() for Debye interactions; Rem.: wpr, = [¢%/(MN3,)]'/2.
— Neglect damping in the following, viz. v — 0.

(*) [Melandse PoP 1996, Farokhi et al, PLA 1999]
www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Longitudinal excitations (linear, “undamped”)
The (linearized) equation of longitudinal motion reads:

d*(0x,,)

7 W3 wg’L (0Tpi1+ 0Tpn_1 — 20xy,)

or, in the continuum approximation:

0%(6x,,) s 0%(6x,,)
oz L o

Dispersion relation

=)

(cL = wo,LT0) 1
0.8 .
& %
ED-E J#H
0.4 - N
\
0.2 \
0.5 1 1.5 2 2.5 3
(a) wavenumber k r0

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Longitudinal excitations (nonlinear).
The nonlinear equation of longitudinal motion reads:

d*(0xy,)
dt?
—asg [(5azn+1 L) (O T 5a:n_1)2]

+ asg [(5:L‘n_|_1 Lo Yy 5xn_1)3]

— wS’L (0Zpi1 + 0Tp_1 — 20y,)

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

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

1 1 d
Uz'mg(’l“) ~ §MWS,LT2 F §MCL20T3 = ZMCL;),Q’IA.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Longitudinal envelope structures.
The reductive perturbation technique (cf. above) now yields:

0Ly R € [uél) + (ugl) e’ + c.c.)| + € (ugz) P o) A

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

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Longitudinal envelope structures.
The reductive perturbation technique (cf. above) now yields:

0T, ~ € [uéD + (ugl) '’ + c.c.)| + € (ué2> eX'Pr Heic)) 4.0,

where the amplitudes obey the coupled equations:

(1)

8’&(1) 82 (1) (1) i/ pok ou
P, 2, (1) T o
8T+ (‘9X2+Q| i Ll e oF I !
%ug pok® 0 0
=L = R(k ”
0X?2 v —c 0X g ( >(9X i
2
A ’fz (QO k% %%) ; ver =wr'(k);  {X,T}: slow variables;

—po = —U"(ro)rd /M = 2a20r8 , qo=U""(ro)r§/(2M) = 3azor.

— R(k) > 0,since Yk VgL <wrporo =cr (subsonic LDLW envelopes).

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Asymmetric longitudinal envelope structures.

— The system of Egs. for u!", »{") may be combined into a closed (NLSE)
equation (for A = u'", here);

2A
o P

i 8X2+Q|A'2A:0

—P =P, =uwl(k)/2 <0;

— () > 0 (< 0) prescribes stability (instability) at low (high) k.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005



|. Kourakis, Collective processes in dusty plasma crystals

Asymmetric longitudinal envelope structures.
— The system of Egs. for u!", u") may be combined into a closed (NLSE)

equation (for A = u'", here);

0A

T e

oT

— P =P, =uw!(k)/2 <0;

— () > 0 (< 0) prescribes stability (instability) at low (high) k.

%A
0X?

+QIAPA=0

— Envelope excitations are now asymmetric:

asymmetric bright envelope soluticn
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(at high &, i.e. PQ > 0).

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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amplitude

displacement ul
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Asymmetric longitudinal envelope structures.
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[l. Kourakis & P. K. Shukla, Phys. Plasmas, 11, 1384 (2004).]
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(at high k)

(at low k)

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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4. Longitudinal soliton formalism.
Q.: A link to soliton theories: the Korteweg-deVries Equation.

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

— “Standard” description: keeping lowest order nonlinearity,

2
. . 2 CL 2 il
U+Vu_cLuxx_ﬁrouxxxx = T PoUg Ugy

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

— Let us neglect damping (~ — 0), once more.

30

— For near-sonic propagation (i.e. v = cr,), slow profile evolution in time r and

defining the relative displacement w = u., one obtains the KdV equation:

wry — awwe+bweee = 0

(forv =0); (=xz—vt; a=1po/(2cr) >0; b=crri/24 > 0.

— This KdV Equation yields soliton solutions, ... (— next page)

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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The KdV description
The Korteweg-deVries (KdV) Equation

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

wi(¢,7) = —wi msech? | (¢ —vr — (o) /Lo

— This solution is a negative pulse for w = u,,
describing a compressive excitation for the displacement éx = u,

l.e. a localized increase of density n ~ —u,.

EdvV—Telatad pgoluticong, w41

Horgp e

H‘ -‘-‘-\"l-_\\\:\_\‘

—- gl 'y

Ell "

- 1] _""“-'-:.,“‘-_‘_‘_

TR N -

: -5 “1:""' h

® L e T — —

i DI B oo
-3 -2 ) 2 4

poaition x
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. The KdV description
The Korteweg-deVries (KdV) Equation

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

wl(C,T) — —wl,msechQ (C ey V17 CO)/LO

— Pulse amplitude: W1 m = 3v/a = 6vvy/|pol;
— Pulse width: Lo = (4b/v)"? = [202r2 / (vuo)]}/2;
— Note that: w1 L5 = constant (cf. experiments)’.

— This solution is a negative pulse for w = u,,
describing a compressive excitation for the displacement éx = u,

l.e. a localized increase of density n ~ —u,.
— This is the standard treatment of dust-lattice solitons today ... T

T F. Melandsg 1996; S. Zhdanov et al. 2002; K. Avinash et al. 2003; V. Fortov et al. 2004.

www.tpd.rub.de/~iocannis/conf/200509-ICTP1l-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Characteristics of the KdV theory
The Korteweg - deVries theory, as applied in DP crystals:

— provides a correct qualitative description of compressive excitations
observed in experiments;

— benefits from the KdV “artillery” of analytical know-how obtained throughout
the years: integrability, multi-soliton solutions, conservation laws, ... ;

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005
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Characteristics of the KdV theory
The Korteweg - deVries theory, as applied in DP crystals:

— provides a correct qualitative description of compressive excitations
observed in experiments;

— benefits from the KdV “artillery” of analytical know-how obtained throughout
the years: integrability, multi-soliton solutions, conservation laws, ... ;

but possesses a few drawbacks:

— approximate derivation: (i) propagation velocity v near (longitudinal) sound
velocity ¢y, (ii) time evolution terms omitted ‘by hand’, (iii) higher order
nonlinear contributions omitted;

— only accounts for compressive solitary excitations (for Debye interactions);
nevertheless, the existence of rarefactive dust lattice excitations is, in
principle, not excluded.
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Longitudinal soliton formalism (continued)
Q.: What if we also kept the next order in nonlinearity ?
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Longitudinal soliton formalism (continued)
Q.: What if we also kept the next order in nonlinearity ?

— “Extended” description: :

2
C
. 2 /AP 2
Uy € ralla ToUgzxx — — PO Ux Ugy + qo (ux) Uy
12

cL =wroTo; wro, Po~ —U"(r) and gy ~ U (1) (ct. above).

20 1 - ricy coeff. PO v4 Kappa gélmilinanrity coeff. g0 vs kappa
17.5}._ -
15F ¢ 50
12.5 aab
R 10 o 15}
7.5
B igt
is 5
D.6 0.8 1 1.2 1.4 6 a8 3 T3 1'%
kappa
(b) ib)
Fig 4. (a) Ille 11_011111199.1'1;‘;' mefﬁcien_r- po (normalized D}'E'l' Fig. 5. () The nonlinearity coefficient g (normalized over
O {MAp ) is del_n-:'t-ed a_gmnst- the la_t-t-lce constant & fD.l' N = G/ (MAp)) is depieted against the lattice constant & for N =
1 (first-neighbor interactions: —), N = 2 (second-neighbor 1 (frst-neighbor interactions: —), N = 2 (second-neighbor
interactions: - - -}, N = =¢ {infinite-neighbors: — — —), from interactions: - - -), N = ~ (infiniteneighbors: — — ), from
bottom to top. (b) Detail near & =~ 1. bottom to top. (b) Detail near s = 1.

Raq.: qo is not negligible, compared to pg! (instead, qp ~ 2pg practically, for rqg = Ap !)
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Longitudinal soliton formalism (continued)
Q.: What if we also kept the next order in nonlinearity ?

— “Extended” description: :

2
C
=+ . 2 & 2 2
U + VU — C[ Upg — 19 7o Ugzzx = — P0 Uz Uzz T+ 40 (uac) Ugy

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

— For near-sonic propagation (i.e. v = cr), and defining the relative
displacement w = u¢, one obtains the E-KdV equation:

w, — awwe +aw? we+bweee = 0 (9)
(forv =0); (=z—vt; a=poy/(2c) >0; b=crri/24 > 0;

a = qo/(2cy) > 0.
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Characteristics of the EKdV theory

The extended Korteweg - deVries Equation:

— accounts for both compressive and rarefactive excitations;
B ERAYV va. KAV, s=+41

£

rel. digplacement wl {x,

EKAV wve. XAV, 8 =41

11
W N H o FE MWk

LT

-2

position x

0

—

diaplacement ul{x, t

(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, ...

B N O W B W

-2

pPosition x

— It was derived under the assumption: v = cy..
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One more alternative: the Boussinesq theory
The Generalized Boussinesq (Bq) Equation (for w = u,):

2922
’lb Fid C% Wyx = lefgo Wyxxxr — 292_0 (w2):c:c + % (ws)xac

— 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,):

2922
’lb Fid C% Wyx = lefgo Wyxxxr — 292_0 (w2):c:c + % (ws)xac

— 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, ...
— relaxes the velocity assumption, i.e. isvalid V v > cy.
Edv va. Boussineag, M = 1.1 KAV va. Bouagsinesg, M = 1.15
| 0.4 ? op.al
e i /
g 8. 2 E 0.2 Yl
4 o
o @ !
'E',-n.z gas "E,(-n.z- i
=R B-0.4
-2 —2 0 2 4 -3 “2 0 2 4
positicn % positicn x
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5. Transverse Discrete Breathers (DB)
1 DBs are highly discrete oscillations (/Intrinsic Localized Modes, ILMs);

1 Looking for DB solutions in the transverse direction, viz.

d?u,,
dtQ T w%,O(Un—l—l 713 Unp—1 —Qun) +w§52n+@u2—|—ﬁu3 e

one obtains the bright-type DB solutions (localized pulses):

- « 7
- ~ .
- N '
~ / N
~ ’
A
-~ , .
y 4
e - ry
U U ===

4
)
5
O
N
~
~

g
g
o

-

N
G

)
o

d Similar modes may be sought in the longitudinal direction.
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Transverse Discrete Breathers (DB)

1 Existence and stability criteria still need to be examined.
1 It seems established that DBs exist if the non-resonance criterion:
NWB # Wk Vn e N

is fulfilled, where:
— wp Is the breather frequency;
— wyi Is the linear (“phonon’) frequency (ct. dispersion relation).

d If wp (or its harmonics) enter(s) into resonance with the linear spectrum wy,
discrete oscillations will decay into a “sea” of linear lattice waves.

(d The DB existence condition is satisfied in all known lattice wave
experiments.
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6. Conclusions
We have seen that:

— Energy localization via modulational instability, leading to the formation of
envelope excitations, is possible in both transverse and longitudinal directions;

— Solitary waves can be efficiently modeled by existing soliton theories (e.g.
KdV, EKdV, MKdV; more accurately: Bqg, EBQ) ;

— Compressive and rarefactive excitations are predicted ;
— Discrete Breather-type localized modes may exist (need to study further);
— Urge (!) for experimental confirmation (technical constraints?) ;

— Future directions: include dissipation (dust-neutral friction, ion drag);
particle-wake effects; mode coupling effects; ... (Realism!)

— Fertile soil for future studies: still a /ot to be done!...

www.tpd.rub.de/~iocannis/conf/200509-ICTP1-oral.pdf Autumn College on Plasma Physics (ICTP Trieste), Sept. 2005



| [ N 1y i (] B t,

|. Kourakis, Cpllective processedilbh dustiiplasma crystals | | \ 44
i & | 1 1

Thank yo

| loapni

arokhi (Te an)

I

: | ." |

| Special thanks: Pl Shuklal B Elfasso |
" ras, Greec ; '5

Acknowledgments@l V' Basigs (U.LLB.,
hes

VAl

| |

| V Koukouloyannis

reece).

SE 01niki,

' Material from:

.\.




I. Kourakis, Collective processes in dusty plasma crystals 45

Appendix I: Solutions of the NLSE
Localized envelope excitations 1: bright solitons

1 The NLSE accepts various soliton solutions: ¢ = pe®:
the total wavepacket is then:  u ~ € p cos(kx — wt + ©) where the
amplitude p and phase correction © depend on (, 7.

1 Bright—type envelope soliton (pulse):

X —u.T 1 1
p:posech< 7 ), @:2—P[u6X —|—(Q—§ug)T]. (10)
el l
L = 5% MBQH Z:
(XO =1 0) ‘ -,.v,\vnnf\[\n“ ﬂﬂﬂﬂ.nnv,v,_ v
-40 V—'@MUU UUUz‘tb" 20 0.
(@O — O) Lo : | J 20 T/\vz \//\ 10 20
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Localized envelope excitations 2: dark/grey solitons

1 Dark—type envelope solution (hole soliton):

'l
L= n2|==
}Q‘Pl
Thisis a
propagating

localized hole
(zero density void):

+p01 [1 — seChQ(

1
O — ﬁ[UeX—(

X — U,

L/

1

L/

IR X —u,T
)] :ipltanh< e ),

!

h

!

!

U

|

-1

Al

U

!

N

N

|

|

L
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dark/grey solitons (continued...)

1 Grey—type envelope solution (void soliton):

X —u T 1/2
p = =p; [1—d2sech2< S )]

L//
O =
SRSl
Jr alel” b
>Q‘dp2
This is a ﬂM"ﬂn”l'WWM
propagating OT f
(non zero-density) | | f\ S
VOid: —gol { 1 [44d bD \!v Db 44 0
H_ﬁ-_ UU
AERRRAR IR AR R AR
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