
Hamiltonian Lattice Dynamical Systems, October 15-19, 2007

Nonlinear Excitations in Dusty Plasma Crystals:

A new test-bed for nonlinear theories

(Preamble to a poster presentation)

Ioannis Kourakis
Queen’s University Belfast, Centre for Plasma Physics, N. Ireland, UK

and
Ruhr-Universität Bochum, Theoretische Physik IV, Bochum, Germany

www.tp4.rub.de/∼ioannis

In collaboration with: V Koukouloyannis and P K Shukla

www.tp4.rub.de/∼ioannis/conf/200710-Leiden-oral.pdf



I. Kourakis, Nonlinear excitations in dusty plasma (Debye) crystals 1

Dusty Plasmas (or Complex Plasmas): prerequisites

Plasma toy model:

→ electrons e− (charge −e, mass me),

→ ions i+ (charge +Zie, mass mi),
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Dusty Plasmas (or Complex Plasmas): prerequisites

Dusty Plasmas (DP):

→ electrons e− (charge −e, mass me),

→ ions i+ (charge +Zie, mass mi),

→ charged particulates ≡ dust grains d± (most often d−):
charge Q = sZde ∼ ±(103 − 104) e, (s = ±1)
mass M ∼ 109 mp ∼ 1013 me,
radius r ∼ 10−2 µm up to 102 µm.
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Dusty Plasma physics: unique mesoscopic features

• Studies in slow motion are possible due to high M i.e. low
Q/M ratio (e.g. dust plasma frequency : ωp,d ≈ 10− 100 Hz);

• The (large) microparticles can be visualised individually and
studied at the kinetic level (with a digital camera!);

• Contrary to weakly-coupled e− i plasmas (Γ� 1), Complex
Plasmas can be strongly coupled and exist in “liquid”
(1 < Γ < 170) and “crystalline” (Γ > 170 [IKEZI 1986]) states,
depending on the value of:

Γeff =
< Epotential >

< Ekinetic >
≈

Q2

r e−r/λD

kBT

(r: inter-particle distance, T : temperature, λD: Debye length, kB: Boltzmann’s constant).

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

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

• Experimental realization: 1994

[H. Thomas, A. Melzer et al. PRL 73, 652 (1994); Chu & Lin I J. Phys. D 27 296 (1994),

Hayashi & Tachibana, Jap. J. Appl. Phys. 33 L804 (1994)];
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Dust Crystal experiments (2):

[Source: H. Thomas, A. Melzer et al., PRL 1994].

www.tp4.rub.de/∼ioannis/conf/200710-Leiden-oral.pdf HLDS, Lorentz Center Leiden, 15-19 Oct. 2007



I. Kourakis, Nonlinear excitations in dusty plasma (Debye) crystals 6

• Today, various experimental groups active worldwide:
G E Morfill (MPIeP Garching, Germany), A Piel (Kiel,
Germany), A Melzer (Greifswald, Germany), J Goree (Iowa,
US), V Fortov (Moscow, Russia), Lin I (Taiwan), S Vladimirov
(Sydney, AUS), S Takamura (Nagoya, Japan) ...

• Experiments aboard the International Space Station (ISS);

• 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, ...

• 3D, 2D (hexagonal, mostly), 1D lattice configurations possible
(→ video).
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1D DP crystal: Model Hamiltonian

H =
∑

n

1
2

M

(
drn

dt

)2

+
∑
m6=n

Uint(rnm) + Φext(rn)

Terms include:

– Kinetic energy ;

– Φext(rn) accounts for ‘external’ force fields:
may account for confinement potentials
and/or sheath electric forces, i.e. Fsheath(z) = −∂Φ

∂z .

– Coupling: Uint(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):

Φ(z) ≈ Φ(z0) +
1
2
Mω2

g(δzn)2 +
1
3
Mα (δzn)3 +

1
4
Mβ (δzn)4 + ...

cf. experiments [Ivlev et al., PRL 85, 4060 (2000); Zafiu et al., PRE 63 066403 (2001)];
δzn = zn − z(0); α, β, ωg are defined experimentally

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:
r0/λD ≈ 1), anharmonic; typically: UDebye(r) = q2

r exp (−r/λD).

Expanding Uint(rnm) = Uint(
√

(∆xnm)2 + (∆znm)2) near
equilibrium:
∆xnm = xn − xn−m ≈ mr0, ∆znm = zn − zn−m ≈ 0,
one obtains:

Unm(r) ≈ 1
2
Mω2

L,0(∆xnm)2 +
1
2
Mω2

T,0(∆znm)2

+
1
3
u30(∆xnm)3 +

1
4
u40(∆xnm)4 + ... +

1
4
u04(∆znm)4 + ...

+
1
2
u12(∆xnm)(∆znm)2 +

1
4
u22(∆xnm)2(∆znm)2 + ...
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Nonlinearity: Where from? (3)

→ Coupling among degrees of freedom induces nonlinearity:
anisotropic motion, not confined along principal axes (∼ x̂, ẑ).

[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
d2(δxn)

dt2
= ω

2
0,L (δxn+1 + δxn−1 − 2δxn)

−a20

[
(δxn+1 − δxn)

2 − (δxn − δxn−1)
2

]
+ a30

[
(δxn+1 − δxn)

3 − (δxn − δxn−1)
3

]
+ a02

[
(δzn+1 − δzn)

2 − (δzn − δzn−1)
2

]
−a12

[
(δxn+1 − δxn)(δzn+1 − δzn)

2 − (δxn − δxn−1)(δzn − δzn−1)
2

]
,

d2(δzn)

dt2
= ω

2
0,T (2δzn − δzn+1 − δzn−1) − ω

2
g δzn

−K1 (δzn)
2 − K2 (δzn)

3
+

a02

r0

[
(δzn+1 − δzn)

3 − (δzn − δzn−1)
3

]
+ 2 a02

[
(δxn+1 − δxn)(δzn+1 − δzn)− (δxn − δxn−1)(δzn − δzn−1)

]
− a12

[
(δxn+1 − δxn)

2
(δzn+1 − δzn)− (δxn − δxn−1)

2
(δzn − δzn−1)

]
.
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Discrete coupled equations of motion
d2(δxn)

dt2
= ω

2
0,L (δxn+1 + δxn−1 − 2δxn)

−a20

[
(δxn+1 − δxn)

2 − (δxn − δxn−1)
2

]
+ a30

[
(δxn+1 − δxn)

3 − (δxn − δxn−1)
3

]
+ a02

[
(δzn+1 − δzn)

2 − (δzn − δzn−1)
2

]
−a12

[
(δxn+1 − δxn)(δzn+1 − δzn)

2 − (δxn − δxn−1)(δzn − δzn−1)
2

]
,

d2(δzn)

dt2
= ω

2
0,T (2δzn − δzn+1 − δzn−1) − ω

2
g δzn

−K1 (δzn)
2 − K2 (δzn)

3
+

a02

r0

[
(δzn+1 − δzn)

3 − (δzn − δzn−1)
3

]
+ 2 a02

[
(δxn+1 − δxn)(δzn+1 − δzn)− (δxn − δxn−1)(δzn − δzn−1)

]
− a12

[
(δxn+1 − δxn)

2
(δzn+1 − δzn)− (δxn − δxn−1)

2
(δzn − δzn−1)

]
.
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Continuum coupled equations of motion

ü − c2
L uxx −

c2
L

12
r2
0 uxxxx =

− 2 a20 r3
0 ux uxx + 3 a30 r4

0 (ux)2 uxx

− a12 r4
0 [(wx)2 uxx + 2wxwxxux] + 2 a02 r3

0 wx wxx ,

ẅ + c2
T wxx +

c2
T

12
r2
0 wxxxx + ω2

g w =

−K1 w2 − K2 w3 + 3 a02 r3
0 (wx)2 wxx

+2 a02 r3
0 (ux wxx + wx uxx)− a12 r4

0 [(ux)2 wxx + 2uxuxxwx] ,
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Overview of existing results (→ poster)
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 0th/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 [Farokhi, IK & PKS, Phys. Plasmas 13, 122304 (2006)]

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

→ DBs → Presentation by Vassilis Koukouloyannis.
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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 Eqs. (ongoing work);

4. 2D hexagonal dust lattices: vortices ? (seen experimentally);

5. Experimental feedback :

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

→ Still a lot to be done ...
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→ poster:
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Thank You !
Ioannis Kourakis
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