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Abstract

The field of complex (dusty) plasmas—Ilow-temperature plasmas containing charged microparticles—is reviewed: The major
types of experimental complex plasmas are briefly discussed. Various elementary processes, including grain charging in differer
regimes, interaction between charged particles, and momentum exchange between different species are investigated. The major for
on microparticles and features of the particle dynamics in complex plasmas are highlighted. An overview of the wave properties in
different phase states, as well as recent results on the phase transitions between different crystalline and liquid states are present
Fluid behaviour of complex plasmas and the onset of cooperative phenomena are discussed. Properties of the magnetized compl
plasmas and plasmas with nonspherical particles are briefly mentioned. In conclusion, possible applications of complex plasma:
interdisciplinary aspects, and perspectives are discussed.
© 2005 Elsevier B.V. All rights reserved.

PACS:52.27.Lw

Keywords:Dusty plasmas; Complex plasmas

Contents
Lo INtrOAUCHION . . . et et e et e e e e e e e 3...
2. Types of experimental COMPIEX PIASMAS . . . . .. ..o A
2.1. Complex plasmas in rf diSCharges. . . ... ... i A
2.1.1. Ground-based EXPEriMENTS. . . . ...t A
2.1.2. Microgravity €XPerIMENTS. . . . ...ttt ettt e e e e e e e e e e e e e i A
2.2. Complex plasmas in dc diSCharges . . . . . .. ... B
2.2.1. Ground-based eXPerimeNtS. . .. ... . B
2.2.2. MiCrogravity €XPerIMENTS. . . . ...ttt ettt e e et e et et e i
2.3. Other types of COMPIEX PIASMAS. . . . . ..ottt e e e e e e e e 7.
2.3.1. Complex plasmas at CryogeniC tEMPEratUIeS. . . . . ...ttt ettt et e et e e e e e et e e et e 7.
2.3.2. Thermal ComPpIEX PIASIMES. . . . . oo oottt et 8.
2.3.3. Nuclear-induced and track COmplex plasmas. . . . ... ...ttt e e 9.
3. Charging of particles in COMPIEX PIASIMIAS . . . . ...ttt et e e e e 9.
3.1. Charging inisotropiC (BUIK) PlasmMas . . . . ... oot 9.

* Corresponding author.
E-mail addressivlev@mpe.mpg.déA.V. Iviev).

0370-1573/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.physrep.2005.08.007


http://www.elsevier.com/locate/physrep
mailto:ivlev@mpe.mpg.de

2 V.E. Fortov et al. / Physics Reports 421 (2005)1D3

3.1.1. Motion of a particle inthe central field . . ... ... .. 9.
3.1.2. Orbit motion limited (OML) @pproXimation. . . . .. ...ttt et e e e e e e e et e et e e i 12,
3.1.3. Accuracy of the OML approXimation. . . . .. ..ottt e ettt e e et e e e e e e et e et e 14.
3.1.4. Charging in a weakly collisional regime. . . .. ... ... e 15.
3.1.5. Charging in a strongly colliSional regime . . . ... ..t 18.
3.1.6. Transitions between the charging regimes . . . . ...ttt t et ettt e e e e 19.
3.2. Charging in aniSOtrOPIC PlasSMas. . . . ..ottt ettt et et et e e e e et e e e e e e e 19.
3.3. Other effects important for particle Charging . . ... ... s 23.
3.4. Role of microparticles in plasma charge balance. . . ... ... e 24.
3.5. Fluctuations of the particle Charge. . . ... ... 25.
4. Electrostatic potential around a partiCle . . . ... ... ... 26.
T (~To i o o (o o] = 1] g - T 26..
4.2, ANISOIOPIC PIASIMAS. . . . o o ettt ettt e et et e e e e e e et e e e e e e e e e 28..
5. Interaction between particles in COMPIEX PIASMIAS. . . . . . ...t 30.
5.1, ISOtrOPIC PlAaSIMAS . . . . o oottt ettt e e 30..
5.2, ANISOIOPIC PIASIMAS. . . . o oottt ettt et e et e e e e e e e e e e e e e e e 31..
L0 N {0 T=T 0 =Y | 31..
6. Momentum exchange in COMPIEX PIASMAS . . . . . ..ottt e e e e e e 32.
6.1. Momentum transfer CroSS SECHION . . . . ... ..ttt e et e e e 33.
6.2. MOMENTUM EXCRANGE FALES. . . . . o ettt ettt ettt ettt ettt et et e et e e e e e e e e e e 36. .
6.2.1. Grain—electron COMlISIONS . . . . ... e e 37..
6.2.2. Grain—ion COIlISIONS. . . . ... 37..
6.2.3. Grain—grain COIlISIONS. . . . . ..ottt e e e e e e e e e 38..
6.3. Momentum eXChange dIagram. . . ... ...ttt ettt ettt 38.
7. Forces on particles in COMPIEX PIASMAS. . . . . ..ottt e e e e 40 .
7.1 10N drag forCe . ..o e e AL
7.1.1. Binary ColliSion @pprOacCh. . . ...ttt e e al.
7.1.2. KINBLIC @PPrOaCH . . . .o 42..
7.1.3. Complementarity of the two approaches. . . .. ... .. o 45.
7.2, O eI fOICES. . ettt e e e 45 ..
8. Dynamics of single particles and particle ensembles . ... ... 47.
8.1. Single partiCcle dyNamICS. . . . . ...ttt et et e e e e e e e e 47. .
8.2. Role of charge fluctuations in the particle dynamiCs . . . ... ..ot 47.
8.3. Dynamics of ensembles with spatially varying Charges . . ... ... 49
8.4. Complex plasmas as non-Hamiltonian SYyStemS. . . .. ... o it e 49.
9. Waves and instabilities in COmpleX Plasmas . . . .. ... 50.
9.1. Wave excCitation tECNNIGUE . . . . ...ttt e et e e e e e e 50..
9.2. Waves in ideal (gaseous) COMPIEX PIASMAS . . . . . ...ttt ettt e 51.
9.2.1. M@JOr WAVE MOUES. . . . o ottt ettt e e e e e et e e e e e e et e e e e e e e e e e e e e e e e 52..
9.2.2. Damping and instabilities of the DIA @nd DA MOE. . . . .. ...ttt 55
9.3. Waves in strongly coupled (liquid) COMPIEX PIASMAS. . . . . ..\ttt e e 58
9.3.1. LONGItUAINGI WAVES . . . . o oottt e e ettt e e e e e e e e e e e e e 58..
9.3.2. TIANSVEISE WAVES . . . . oo ottt ittt ettt ettt ettt e et ettt et 60. .
9.4, Waves iN Plasma CrySTalS. . . . ..o o vttt e e e e e 60. .
9.4.1. ONe-diMENSIONAI SIIING . . . ..ottt ettt et e e e e et e e e e e e e 60. .
9.4.2. Two-dimensional triangle [atliCe. . . . ... ... oo 61.
9.4.3. Three-dimensional plasma Crystals. . . .. ... ottt e e e et e e 63.
9.4.4. Instabilities In plasma Crystals . . ... ... oo 65.
9.5, NONINEAI WAVES. . . . .ottt e e e e e 66. .
9.5.1. 10N SONItONS aNd SNOCKS . . . . . .ttt 66. .
9.5.2. Dust solitons and ShOCKS. . . . ... ..o 66. .
9.5.3. MACKN CONES. . . . .t e et 68..
10. Phase transitions in strongly coupled COmMPIEX Plasmas. . . . . .. ..ottt e e e 69.
10.1. Strong coupling Of AUSE SPECIES . . . . .« vttt ittt ettt et e e e e e e e e e e e 69. .
10.2. Phase diagram of Debye—Huckel (Yukawa) SYyStemsS . . . ... ... o e 71
10.3. Experimental investigation of phase transitions in complex plasmas . . . ... 72
10.3. L. MBIING . o ottt e e e e e e e e e 73..
10.3.2. CrystalliZation. . . . . . e e 74..
11. Fluid behaviour of COMPIEX PIASMAS. . . . .. oot e e e e e e e e e e e e e e 76. .
11,1, TranSPOrt PrOPEIIES . . o oottt ettt e ettt e e e e e e e e e e e 76. .
11.2. HydrodynamiC instabilities. . . . .. ... o 77..

12. Onset of cooperative phenomena in CoOMPpIEX PIASMAS. . . . . ... oottt e e e e e e 79.



V.E. Fortov et al. / Physics Reports 421 (2005)1D3 3

12.1. CoUIOMD CIUSTEIS . . . . .ttt et e e e e e e e e e e e e e e e e e e e e 79..

12.2. NanOflUIAICS. . . .. o e e e e 83..
13. Magnetized COMPIEX PIASIMAS. . . . . .ottt et e e e e e e e e e e e e e e e e e 83..
14. Complex plasmas with nonspherical PartiCIES. . . . ... ... e 86 .
15. POSSIble appliCatiONS. . . . ..o e e e e 28..
16. Interdisciplinarity and PEISPECHIVES . . . . ... o 89..
17, CONCIUSION. . . e e 91...
F o (g Lo T/ [= T [ T=T 0 =T ) £ 91 ..
RO EIENCES . . e 91...

1. Introduction

“Dusty”, or “complex” plasmas are plasma containing solid or liquid particles (dust) which are charged. The charges
can be negative or positive, depending on the charging mechanisms operating in the plasmas. Dust and dusty plasm
are quite natural in space. They are present in planetary rings, comet tails, interplanetary and interstelg—8puds
found in the vicinity of artificial satellites and space statiph®], etc. Also, dusty plasmas are actively investigated
in laboratories. Currently, the term “complex plasmas” is widely used in the literature to distinguish dusty plasmas
specially “designed” for such investigations.

The presence of massive charged particles in complex plasmas is essential for the collective processes. Ensembles
microparticles give rise to new very-low-frequency wave modes which represent the oscillations of particles against the
quasiequilibrium background of electrons and ions. Overall dynamical time scales associated with the dust componer
are in the range 10-100 Hz. The particles themselves are large enough to be visualized individually and, hence, the
motion can be easily tracked. This makes it possible to investigate phenomena occurring in complex plasmas at th
most fundamental kinetic level.

Micron size particles embedded in a plasma do not only change the charge composition, they also introduce ne\
physical processes into the system, e.g., effects associated with dissipation and plasma recombination on the partic
surface, variation of the particle charges, etc. These processes imply new mechanisms of the energy influx into th
system. Therefore, complex plasmas are a new type of non-Hamiltonian systems with the properties which can b
completely different from those of usual multicomponent plasmas.

Dust plays an exceptionally important role in technological plasma applications, associated with the utilization of
plasma deposition and etching technologies in microelectronics, as well as with production of thin films and nanopar-
ticles[6—8]. To control these processes, it is necessary to understand the basic mechanisms determining, e.g., transp
of dust particles, influence of dust on plasma parameters, etc.

Due to large charges carried by the grains (typically, of the order of thousand elementary charges for a micron-size
particle), the electrostatic energy of the mutual interaction is remarkably high. Hence, the strong electrostatic coupling ir
the dust subsystem can be achieved much more easily than in the electron—ion subsystem. In complex plasmas, one ¢
observe transitions from a disordered gaseous-like phase to a liquid-like phase and the formation of ordered structure
of dust particles—plasma crystals. The first experimental observation of the ordered (quasicrystalline) structures o
charged microparticles obtained in a modified Paul’s trap was reported in 1959 by Wuerk§d]eflde possibility of
dust subsystem crystallization in a nonequilibrium gas discharge plasma was predicted by lkezi[ttD].986e first
experimental observations of ordered particle structures were reported in 1994 in rf disEhkrdd$ Later on, plasma
crystals were found in dc dischargd$], thermal plasmas at atmospheric pres$u6@, and even in nuclear-induced
dusty plasmagl7].

The enormous increase of interest in complex plasmas was triggered in the mid 1990’s, by the laboratory discoven
of plasma crystals. Today, the physics of complex plasmas is a rapidly growing field of research, which covers various
fundamental aspects of the plasma physics, hydrodynamics, kinetics of phase transitions, nonlinear physics, solid state
as well as the industrial applications, engineering, and astrophysics. More and more research groups throughout t
world have become involved in the field, and the number of scientific publications is growing exponentially. In this
review, we have made an attempt to provide a balanced and consistent picture of the current status of the field, b
covering the latest development in the most important directions of the experimental and theoretical complex plasmas
and outlined the perspective issues to pursue in future. We decided to omit the discussion of the space and atmosphe
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dusty plasmas, chemical plasmas with growing particles, etc. —their properties are so diverse and the whole field is ¢
huge that one cannot span it in the framework of a single review.

2. Types of experimental complex plasmas

Since the discovery of plasma crystals in 1994, the experimental investigations of complex plasmas have been goir
on in dozens of laboratories throughout the world. In this section we briefly discuss the major types of the experimente
setups employed to study various phenomena occurring in complex plasmas.

2.1. Complex plasmas in rf discharges

2.1.1. Ground-based experiments

Plasma crystals were discovered in a capacitively coupled low-pressure rf discharge in inert gases almost simult
neously in several laboratori¢sl-14] The schematic of a typical experimental sefu@] is shown inFig. 1L The
experimental apparatus includes a lower electrode 5-10cm in diameter capacitively coupled to an rf generator (.
frequency 1356 MHz) and an upper grounded electrode. The electrodes are placed in a vacuum chamber. Micron-siz
dust particles fill a container and can be introduced into the discharge through a metallic grid. The electrode separatic
is typically 3—-10 cm. The particle visualization is performed with the use of laser illumination. The laser beam is
transformed into a sheet approximately 100 thick using a lens and illuminates the particles in the horizontal or
vertical plane. The particles introduced into the discharge become (highly) charged negatively and levitate in the pre
sheath or sheath region above the lower electrode, where the electric force balances the gravity. To confine the particl
horizontally, a metallic ring with an inner diameter of 3—6 cm and a height of 1-3 mm is placed on the lower electrode.
Sometimes, instead of a ring, a special curved electrode is used. The light scattered by the particles is recorded by
video camera.

Under certain conditions, the particles form ordered structures consisting of several fairly extended horizontal layers
The number of particles in such crystalline structures can be as high@s-1(P, and the number of layers can vary
from one to a few dozefil9]. Usually the particles assemble themselves into hexagonal structures in each layer.
Vertically, they often settle strictly below each other, forming a cubic lattice between neighbouring layers—the so-
called “vertically aligned” hexagonal lattices. Such an arrangement is believed to be a consequence of ion focusin
downstream from the particles—the wake effect (see Sections 5.2 and 10.3).

For reference, we summarize typical parameters of rf discharges and complex plasmas in laboratory experiment
Particle sizes are inthe rangd—30um. The neutral (typically inert) gas pressurg—100 Pa. The plasma concentration
in the bulk of a discharge is, ~ n; ~ 10'=10"%cm~3, the electron temperatureds ~ 1-5eV, and ions are typically
assumed to be in equilibrium with neutrals (usually at room temperature), s thaf;,, ~ 0.03eV. The sheath is a
region of a positive space charge where the ion concentration exceeds that of electrons even in the absence of dust. -
ion velocity at the edge of the collisionless sheath satisfies the Bohm critgtio@ia = /T, /m;. For the collisional
sheath, the ion directed velocity can be lower than the velocity of sound, but the ions are still typically superthermal
u; 2 vr,. The characteristic spatial scale of the charge screening in the sheath is given by the electron Debys; radius
because fast ions do not contribute substantially to the screening. The interparticle interaction is essentially anisotrop
in this case.

2.1.2. Microgravity experiments

Complex plasmas formed under microgravity conditions have been intensively investigated in rf discharges durin
the last few years. A typical sketch of the experimental setup is shoigir2 The results of the first sounding rocket
(TEXUS) experiments (with about 6 min of microgravity) and their qualitative analysis were reported by Morfill et al.
[20]. Currently, the “Plasma Crystal” (PKE-Nefedov) laboratory is in operation onboard the International Space Station
(ISS), created within the framework of the Russian—German scientific cooperation pri@jdarfihe major tasks of
the PKE-Nefedov include investigations of dusty plasma crystals, phase transitions, wave phenomena, properties
boundaries between different plasma regions, etc. in a three-dimensional isotropic dusty plasma at the kinetic level. Tt
first “basic” experiments designed to study the behaviour of the dust component over a broad range of dusty plasn



V.E. Fortov et al. / Physics Reports 421 (2005)1D3 5

CCD video camera

Glass window

Grounded electrode
o= //

o™ 4 Sheet of laser light
\7{/ RF electrode

\—| Probe for
Y,

N

excitation
p

Copper ring

Fig. 1. Sketch of typical experimental setup used for laboratory investigations of complex plasmas in a rf d{d&jarge

Ground . RF electrode

Ity
I\
Plasma and particle

£
(8]
) ? ) Insulator | &
= © Field 8
© of view
[ A RF
_H' ’U electrodd
Ground Dust dispenser
4.20 cm
10.00 cm

Fig. 2. Sketch of the rf parallel plate discharge used in microgravity experirfgdjtdMonodisperse particles of different sizes can be injected into

the plasma chamber from two dispensers mounted in the upper and lower electrodes. The microparticles are illuminated by a thingaf)out 150
sheet of laser light perpendicular to the electrode system. Slow-speed scanning of the laser into the depth of the plasma chamber is used to meas
the 3D positions of the microparticles.

parameters were performed at the beginning of March 2001. Currently, most of the investigations are in the active phas
or in the stage of data analysis.

The typical static and dynamic behaviour of complex plasmas under microgravity conditions is illustriaiggd3in
The figure shows the trajectories of microparticles. The dominant features are: (i) a microparticle free “void” in the
centre of the system for most experimental parameters, (ii) a sharp boundary between the void and the complex plasm
(iif) demixing of complex plasma clouds formed by microparticles of different sizes, (iv) crystalline structures along
the central axis, and (v) torus-shaped vortices in different areas away from the central axis.

The microparticle-free centre between the electrodes—the void—can be explained by the balance of forces acting o
the particles in the discharge (see, §2r-24). Since the dominant force on earth— gravity—is reduced by orders of
magnitude the weaker forces start playing major role. These forces are the electrostatic force arising from the electri
field in the discharge and pointed toward the centre (plasma potential has a maximum in the centre), and the ion dra
force which pushes particles to the periphery. It is well established that even a relatively small number of particles
is repelled from the centre, suggesting that the void formatiomisa collective particle effect. At present, the ion
drag is commonly believed to be the most probable mechanism responsible for the void formation (see, £8§], Ref.
and references therein). The ion drag force and the electrostatic force have different dependencies on the grain siz
This causes demixing of different particle sizes: an equilibrium position of smaller particles is closer to the centre than
that of larger ones. The void can be closed under special experimental conditions. These conditions are neutral ge
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Fig. 4. Sketch of typical experimental setup used for laboratory investigations of complex plasmas in a dc glow discharge.

pressures below 50 Pa and the lowest possible rf-voltages, close to the plasma-off condition. At these parameters t
plasma density is so low and the electric field is so weak that the electrostatic force dominates and the particles a
pushed to the centre.

The possible mechanisms responsible for the vortex formation are discussed in Section 8.3.

2.2. Complex plasmas in dc discharges

2.2.1. Ground-based experiments

A dc gas discharge is also widely used for experimental investigations of complex pla&G1R6-28] Usually, a
dc glow discharge is employed, as showrFig. 4. The patrticles are illuminated by a laser light and their positions
are registered by a video camera. Typically, a neutral gas pressure is in thexBhg®00 Pa and a discharge current
is ~0.1-10 mA. The ordered structures are usually observed in standing striations of the positive column of the glow
discharge but can also be seen in an electric double layer formed in the transition region between the narrow catho
part of the positive column and the wide anode part, or in a specially organized multielectrode system having three c
more electrodes at different potentials, etc. —that is, in the regions where the vertical electric field can be strong enouc
to levitate the particles. For these regions, some sheath properties considered above in the context of an rf dischal
(e.g., plasma anisotropy, ion drift) are also relevant.
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In the positive column of a low-pressure discharge, the loss of electron energy in elastic collisions is small and the
electron distribution function is formed under the action of the electric field and inelastic collisions. This can lead to
the appearance of striations—regions of spatial periodicity of the plasma parameters with the characteristic scale of a
order of afew centimetef29—-31] The electron concentration, their energy distribution, and the electric field are highly
nonuniform along the striation length. The electric field is relatively strong (around 10-15 V/cm at a maximum) at the
head of striation—this region may occupy 25-30% of the total striation length, and relatively weak (around 1 V/cm)
outside this region. The maximum value of the electron concentration is shifted relative to the maximum strength of
the electric field in the direction of the anode. The electron energy distribution is essentially bimodal, with the head
of the striation being dominated by the second maximum whose centre lies near the excitation energy of neutral ga
atoms. The centre-to-wall potential difference at the head of the striation reaches 20-30 V. Therefore, an electrostati
trap is formed, which allows us to levitate particles against gravity (provided the particles are not too heavy).

The complex plasma structures in dc glow discharges typically form as follows: after being injected into the plasma
of the positive column, the charged particles fall past their equilibrium position and then, over the course of several
seconds, emerge and form a regular structure which is preserved sufficiently long (until the end of observation) provides
that the discharge parameters are unchanged. The simultaneous existence of ordered structures in several neighboul
striations can be observed, indicating the possibility of forming structures much more extended in the vertical direction
compared to rf discharges. Three-dimensional quasicrystalline structures in a dc discharge were reported for the fir:
time in Ref.[26].

In addition to a glow dc discharge, other types of combined dc discharges can be also employed. For example,
dusty double plasma device is used for experimental investigations of ion—acousti32vé&he system is separated
into a source and target sections by a mesh grid kept at a floating potential. The source and target plasma are produc
by the dc discharges between filaments and magnetic cages (a magnetic field is used for the plasma confinemen
The experiments are performed at low pressurd€)2 Pa, which is essential to ensure weak collisional damping of
ion—acoustic waves.

2.2.2. Microgravity experiments

The microgravity experiments with complex plasmas in a dc discharge were performed onboard the “Mir” space
station[33—-35] The major difference between this experimental apparatus and that used for the ground-based ex
periments (se€&ig. 4) was the presence of a two-grid electrode placed between the cathode and the anode. During
the experiments, the electrode was at the floating potential and prevented negatively charged particles from escapir
to the anode. Microgravity allowed us to perform experiments with very large (bronze) particles with a mean radius
a >~ 65um.

By analysing the video images of the complex plasma structure formed near the grid electrode, the static (pail
correlation function) and dynamic (diffusion coefficient) characteristics of the dust particle system were recovered.
Measured pair correlation functions revealed the formation of ordered structures of dust particles of a liquid-like
type (short-range order). Such experiments can provide deeper insight into the physics of charging and interaction c
large particlesd{ > Ap;), a subject relatively poorly studied, mainly because ground-based experiments with such large
particles are typically impossible.

Also, a combination of a dc and rf (inductively coupled) discharges—the “Plasma Kristall-4” (PK-4) facility shown
in Fig. 5—is planned to be used in future microgravity experimdB&37] The PK-4 setup mainly utilizes a dc
discharge plasma, which can optionally be combined with one or two rf coils installed on the discharge tube. This
offers in particular the capability to perform kinetic studies of a great variety of dynamical phenomena in complex
plasmas, such as laminar shear flows and their transition into the turbulent regime, formation of waves and thei
propagation, collision experiments and shock wave generation, cooperative phenomena, etc.

2.3. Other types of complex plasmas
2.3.1. Complex plasmas at cryogenic temperatures

The first experiments with cryogenic dusty plasmas at a liquid-nitrogen temperatures (77 K) were performed recently
in dc glow discharge and capacitively coupled rf dischd88239] Dust structures were formed with MgO particles
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Fig. 5. Sketch of experimental setup PK-4 for investigations of complex dc and combined dc/rf plasmas under microgravity ciaitile
discharge is operated in a U-shaped glass tube with a radius of 1.5 cm filled with neon gas at pressures 20—200 Pa. The complex plasma is forn
by injecting spherical particles into the discharge.

(3-5um in diameter) and observed in striations of the positive column of a dc glow discharge in a quartz discharge
tube (2 cm in diameter) immersed vertically into a cryostat filled with liquid nitrogen. The capacitive rf discharge was
ignited between two copper-foil rings mounted 4 cm from each other outside the tube. Air at pressures below 10 P
served as a plasma-forming gas.

In experiments with dc plasmas, the whole character of the discharge changes at cryogenic temperatures—visual
even the shape of the striations in the glow discharge at 77 K is absolutely different from that seen at room temperatur
Very extended (about 20 cm) ordered structures consisting of long chains and occupying practically the whole volum
below the level of liquid nitrogen are formed. The key role in the stability of such structures is played by the longitudinal
thermophoretic force. Strong temperature gradients arise from two sides—from below, at the cathode (because of tl
heat release in the cathode zone) and from above, at the boundary of liquid nitrogen. Therefore, the dust structure
confined in an “electro-thermal” trap, where the vertical stability is provided by the balance of gravity, the longitudinal
electric field, and the thermophoretic forces. The dust structure becomes separated into several parts, each 4-5
long, as the pressure decreases. The resulting structure is, however, unstable with respect to longitudinal low-frequen
perturbations. This is probably caused by onset of the ion streaming instability (see Section 9.2.2).

In experiments with an rf discharge it was found that at cryogenic temperatures the density of dust particles ir
the main volume of the ordered structures can increase considerably. Probably, this is related to the decrease of t
screening radius, which allows the particles to approach closer to eacli3d@tg®]. In the lower part of dust structures,
the propagation of nonlinear density waves was observed. The dust—acoustic wave velocity in cryogenic condition
was several times larger than in normal conditions. At lower pressures, the emerging instabilities led to the formatiol
of multiple horizontal layers with clear boundaries.

2.3.2. Thermal complex plasmas

A thermal plasma is a low-temperature plasma characterized by equal temperatures of the electron, ion, and neut
components. The existence of liquid or solid small-sized particles in such a plasma can significantly affect its electro
physical properties. Effects associated with the presence of particles were observed in early experiments focused
studying plasmas of hydrocarbon flames (see, E19]).

Experimental investigations of the ordered dust structure formation in a thermal plasma were performed in a quasi
aminar, weakly ionized plasma flow at temperatures of 1700—-2200 K and atmospheric pressurg16Rafs49] A
plasma source formed an extended and uniform volume (about 3tdmuasineutral thermal plasma, where the par-
ticles of CeQ were introduced. The main plasma components were the charged particles, electrons, and singly charge
Na' ions. The electron density varied in the rang@-1M*2cm=3. The dust particles were charged by background
electron and ion fluxes and via thermionic emission. The latter mechanism played the dominant role and therefore tt
particle were charged positively, up to%00° elementary charges.
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2.3.3. Nuclear-induced and track complex plasmas

Nuclear-induced plasmas are produced by nuclear-reaction products which, passing through a medium, creat
ion—electron pairs as well as excite atoms and molecules in their tracks. The experiments were performed in ai
ionization chamber which is placed in a hermetical transparerldgl|Either f-particles (decay products 8t'Ce) or
a-particles and fission fragments (decay productSEf) were used as ionizing particlgk?,50]. In terms of physical
characteristics, the nuclear-induced plasma of inert gases is very different from thermal and gas discharge plasma
Because of enormous spatial and temporal inhomogeneities of the plasma density, the charge of each individual partic
changes substantially whenever it crosses the electron or the ion clouds, so that the average charge is derived from t
statistical treatment of these evefitg,50]

Recently, experimental investigations of the track complex plasmas produced by proton beams were performe
[51,52] The motion of Ce@ grains arranged in compact vortex structures was observed. The collective behaviour of
dust particles was found to depend critically on the strength of the external electric field.

3. Charging of particles in complex plasmas

The patrticle charge is one of the most important parameters of complex plasmas. It determines the particle interactior
with plasma electrons and ions, with electromagnetic fields, between the particles themselves, etc. Hence all studies |
complex plasmas necessarily begin with a model for the particle charge. This section presents an overview of recer
achievements in the understanding of particle charging in plasmas. We mostly focus on gas-discharge plasmas, whe
the charging is due to the collection of electrons and ions from the plasma, so that the charge is determined by thi
competition between the electron and ion fluxes on the particle surface. Other processes which can also affect chargir
(e.g., secondary, thermionic and photoelectric emission of electrons from the particle surface) are discussed only briefl
We address problems such as stationary particle charge, kinetics of the charging, the effect of ion—neutral collisions
the self-consistent effect of the presence of dust, and the charge fluctuations. Theoretical results are complemented |
the available experimental data.

3.1. Charging in isotropic (bulk) plasmas

In the absence of emission processes, the charge of a dust particle immersed in a plasma of electrons and ions
negative. This is because the electrons have higher velocities, so that the electron thermal flux exceeds considerak
that of the ions. The emerging negative charge on the particle leads to the repulsion of the electrons and the attractic
of the ions. The absolute magnitude of the charge grows until the electron and ion fluxes on the particle surface ar
balanced. On longer timescales, the charge is practically constant and experiences only small fluctuations around i
equilibrium value, as described in Section 3.5.

The stationary surface potential of the dust partic]és determined by the electron temperatfifeviz. o ~ —T, /e.
Physically, this is because in the stationary state most of the electrons have to be reflected by the potential barrier betwe:
the particle surface and surrounding plasma in order for the electron and ion fluxes to balance each other. The coefficie!
depends on the particular regime which is realized for the electron and ion fluxes to the particle surface.

One of the most frequently used approaches to describe the electron and ion fluxes collected by the particle i
the orbital motion limited (OML) approximatiofb3—-55] This approach deals with collisionless electron and ion
trajectories in the vicinity of a small individual probe (dust particle) and allows the determination of the collection
cross sections from the conservation of energy and angular momentum. We will derive these cross sections in Sectic
3.1.2. To clarify some of the assumptions underlying the OML approach we first briefly discuss the properties of particle
motion in the central field.

3.1.1. Motion of a patrticle in the central field

For a particle moving ballistically in central field(r), the total energyy = % m(vrz + vg) + U (r), and the angular
momentummpv, are conserved. Hera is the particle masg is the impact parametew, andvy are the radial and
tangential velocities, respectively, ands the velocity ai — ooc. It follows from the conservation laws that the radial
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motion of particle is fully determined by theffectivepotential energy,

p?  2U(r)

Ueff(r’ p): r_z + ’ (1)

WLUZ
whereUeg¢ is normalized to the initial kinetic energy,= %mvz. The particle motion is restricted to the region where
Uet < 1. This means that if for a giveman equation

Ueti (r, p) =1 2)

has root(s) then the largest of them determines the distance of the closest approach to theycEntra,spherical
centre of radiug, the particle is collected when <a, whilst for ro > a it experiences elastic scattering by the centre
potential, but does not reach its surface.

For arepulsivepotential,U (r) > 0, the effective potential is a positive, monotonically decreasing functian of
Therefore, Eqg. (2) has one solution. The maximum impact parameter corresponding to particle collection is

2U(a) 2U (a)
a,/1l— 7 5 < 1,
pe () = " " €)
0 2U (a) S1.

2

muv

For anattractivepotential,U (r) < 0, there are several possibilities, depending on the particular behaviou pf
[56]. The extremum values @ff (r) are determined from the condition

r3(dU/dr) = mv?p? | (4)

If |U(r)| decreases everywhere more slowly than?] then the left-hand side of Eq. (4) grows monotonically, and
there is only one solution to this equation. This solution corresponds to a minimUigg itdence Eg. (2) has only one
solution and similarly to (3) we obtain for the maximum impact parameter corresponding to collection

/ 2U
pér(v) =a,/1— (621) . )
mv

On the other hand ifU ()| decreases slower thari/# at smallr, but decreases faster thafr% at larger, then Eq. (4)
can have two solutions, and, henéks has both maximum and minimum. Maximum is determined by the conditions
Ulg(rm) = 0 andUg, (rv) < 0. The maximum irl/e always occurs at larger distances than the minimum.

If Uett(rm) =1, then Eq. (2) has multiple solutions: Physically, this means that the potential barrier emerges, which
reflects the particle. Thisis illustratedfiigs. 6and7. From Eq. (1) we see that there igansitional impact parameter

2U (rv)
Px=TM 1- 2 ’
muv

which separates particle trajectories in two groups: no barries fop,,, but for p > p, the potential barrier emerges
and the particle is reflected @t . This causes a discontinuity in the dependence of the distance of closest approach
on p, seekFig. 7. In the casewv > a, the particles wittp > p, cannot be collected by the centre. Thus Eq. (5) should be

modified:
a,/l—%, a‘/l—znlfig)<p*(v),
) = - (6)
p.(V). a)1- 22D 5, ).

As a useful example let us consider the attractive Yukawa-type interaction potéhtial= —(Ug/r) exp(—r/A),
where/ is the effective plasma screening length.
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Fig. 6. Curves of the effective potential for the radial particle motion in the central field (for the Yukawa potential) for two values of the scattering
parametelf (see text) and different dimensionless impact parametgigindicated in the figures). The potential barrier is abserft 2t10 and
present aff = 20.
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Fig. 7. (a) Normalized distance of the closest approach to the ogniee normalized impact parameierThe curves are calculated for the Yukawa
potential for different values of the scattering paramgt&henf > ., ~ 13.2 a discontinuity appears due to a barrier in the effective potential. (b)
Particle trajectories during collisions for different impact parameters for the Yukawa interaction potential and scattering pérarBetémpact
parameters are chosen to be below, about, and above the transitiongh yatué 24..

Let us normalize all the distances o Then the behaviour of the effective potentldls is governed by two
dimensionless parameters, the so-cadlealttering parameter

_ |Uol
mv2)’

p (7)
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and the normalized impact parameter, viZess (r) = p2/r2 + 2(B/r) exp(—r). Curves of the effective potential are
illustrated inFig. 6 for two values off and different values gf. The potential barrier is absent @at= 10, whilst at

p = 20 the existence of the barrier leads to an abrupt jump in the distance of the closest approaeh ~rori to
ro =~ 2.6, atp ~ 3.8. An inflection point in the Yukawa potential occurs-at 1.62[56]. The position of the potential
barrier is the solution of the transcendental equatipexp(rm) = f(rm — 1). A solution exists only iff >, >~ 13.2
and grows monotonically witf. The transitional impact parameter is

m+1
Px=TM
V ™ —1

and also increases with starting fromp,(f;) =~ 3.33. For largefs the following asymptotic solutions can be
obtained57]

m=Inp—In1p, p.~Inp+1-3In71p. (8)

The trajectories of scattered particles and the dependence of the distance of closest approach on the impact param
calculated for the attractive Yukawa potential are showign 7.

3.1.2. Orbit motion limited (OML) approximation

Inthe OML approach three major assumptions are employed: (i) the dust grain is isolated in the sense that other du
grains do not affect the motion of electrons and ions in its vicinity; (ii) electrons and ions do not experience collisions
during their approach to the grain; (iii) the barriers in the effective potential are absent. Then the cross sections fo
electron and ion collection are determined from the laws of conservation of energy and angular momentum.

The collection cross sections 7i$)§, wherep, is the maximum impact parameter for the collection. In the OML
approach the latter are given by Eq. (3) for the electrons and by Eq. (5) for the ions. Thus, the (velocity-dependent
collection cross sections are

2 2
na2<l+ eq)s)’ e(ps>—1,

2

mev mev
ge(v) = 5 ()]
01 e(p; g - 1 )
mev
and
2
G,-(v) = T[az <1 — 6‘_@0;) , (10)
nm;v

wherem,;) is the electron (ion) mass,denotes the velocity of the electrons and ions relative to the dust particle, the
grain surface potentiapg is negative ¢4 < 0), and the ions are singly charged. An obvious advantage of the OML
approximation is that the cross sections are independent of the plasma potential distribution around the grain. This i
however, only true when the potential satisfies certain conditions, see the preceding section. Limitations to the OMI
approach are considered in the next section.

Electron and ion fluxes to the particle surface are determined by the integral of the corresponding cross sections wi
the velocity distribution functiong, ) (v):

Loy = neg) / V0 (V) oy () v,

wheren, ;) is the electron (ion) number density. Using the Maxwellian velocity distribution of plasma payfiglgs) =
—-3/2 . . .

-(Ztnv%“{-) / exp(—v2/2v%e(,_)), wherevr,,, = \/Ter)/me() is the electron (ion) thermal velocity, we get after the

integration

1, =+ 8na2nev7~e exp<e;?s) , (1)
e
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Fig. 8. Dimensionless charge= \Z\ez/aTe of an isolated spherical particle as a function of dimensionless{gg for an argon plasma with
T =50. The particle is initially uncharged. The horizontal dashed line corresponds to the stationary value of the charge.

I; = v/8ra?n;vr, ( - eT"’S> . (12)
The evolution of the dust grain charge is governed by the equation

dz

= =I-1,, 13

4 (13)
so that the stationary charge is determined from the flux balance,

IL,=1 . (14)

It is convenient to introduce the following dimensionless parameters which are widely used throughout this paper:

|Z|e? T,
= . T .
aTl, T;

Here,zis the absolute magnitude of the particle chagggjn units ofa T, /2, andr is the electron-to-ion temperature
ratio, respectively. Typically, in gas discharge plasmasl (r ~ 10-100) and; ~ 1. It is also assumed that the
particle charge and surface potential are related to each othgeiaa ¢. This “vacuum?” relation is usually a good
approximation for small particles & /), whilst, in principle, there may be some deviations due to strongly nonlinear
screening and/or nonequilibrium distribution of the electrons and ions around the dust particle.

Let us define theharging frequency2qh, (inverse charging time) as the relaxation frequency for small deviations of
the charge from the stationary valdg: Qch = —d(I; — I.)/dZ|z,. Using Egs. (11) and (12), we obtain

1+z a
= ——Wp; ,
21 Api »

wherelp; = /T; /4ne?n; is the ionic Debye radius, andy = vy, /Ap; is the ion plasma frequency. In deriving (15)
it is also assumed> 1. The charging frequencies for charging by the thermionic and photoelectric mechanisms are
derived in Refs[58,59]for the simplest system consisting of dust particles and electrons emitted from their surfaces.
The solution of nonlinear Eq. (13) with fluxes from Egs. (11) and (12) and the initial condition= 0 is shown
in Fig. 8 One can see that the overall time scale of the nonlinear charging is also determi@gd by
In the framework of the OML approximation, the dimensionless surface potexdéglends on two parameters—the
electron-to-ion temperature ratio, and the gas type (electron-to-ion mass raf@. Byvalues ofz are presented for

Qch (15)
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Fig. 9. Dimensionless charge=|Z|e2/aT . of an isolated spherical particle as a function of electron-to-ion temperature zafip/ T; for isotropic
plasmas of different gases.

different gases (H, He, Ne, Ar, Kr, Xe) as functionscofhe particle potential decreases witk T,/ T; and increases
with the gas atomic mass. For typical valueg of 10-100, the dimensionless charge is in the range2—4. For a
particle witha ~ 1pm and7, ~ 1eV, the characteristic charge numbey4s ~ (1-3) x 10°.

3.1.3. Accuracy of the OML approximation

The assumptions underlying OML theory are seldom met in reality. Below we discuss three major reasons, whicl
can make the OML approach inapplicable.

The first is associated with finite dust density in experiments and is known as the effect of “closely packed” grains.
This effect is two-fold. The grain component contributes to the quasineutrality condition, making the ion density
larger than the electron dens[B0]. This increases the ratio of the ion-to-electron flux and hence reduces the absolute
magnitude of the grain charge compared to the case of an individual grain. The strength of the effect can be characteriz
by the value of the parameté = |Z|ng/n. = z(aT./e®)(nq/n.) (often called “Havnes parameter”), which is the
ratio of the charge residing on the dust component to that on the electron compgnisrthgé grain number density).

If we simply use expressions (11) and (12) for the electron and ion fluxes together with the quasineutrality conditior
ne =n; + Zng we get in dimensionless units

JTexp—z) = /%(1+zr)(l+ Py,

The charge tends to that of an individual particle wheg 1, while it is reduced considerably fér> 1. In addition,

when the interparticle separatians smaller than the characteristic length of interaction between ions (electrons) and
the dust grain, then the ion (electron) trajectories are affected by the presence of neighbouring particles, thus influenci
grain charging. Barkan et d61] demonstrated experimentally that the effect of “closely packed” grains can lead to
substantial charge reduction.

The second reason is associated with the fact that OML theory presumes the absence of a barrier in the effecti
potential energy. As discussed in Section 3.1.1 the barrier is absent for repulsive interaction (i.e., for the electrons) bi
it can emerge when the interaction is attractive (i.e., for the ions). The electrostatic potential around the small absorbin
object in plasmas scales as1/r close to the objectx 1/r2 far from it, and at intermediate distances the potential
decreases fast@B6]. Hence, according to the discussion in Section 3.1.1, a barrier in the effective potential can exist
for ions moving towards the grain and some (low energy) ions will be reflected from this barrier. This effect leads to a
decrease in the ion current compared to OML theory and, hence, to an incréZseHar a Maxwellian ion velocity
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distribution there are always sufficiently slow ions, which are reflected from the bgg2eHowever, if the fraction

of the ions which are not collected because of the barrier is small then the corrections to OML are also small. Using
Eg. (6) this requirement can be formulated in terms of the ion thermal velagiy+ 2U (a)/T; < p,(vr,). For the
Yukawa interaction potential with the thermal scattering parameter for thefions ~ zt(a/1) > f, we can write

the condition of the OML applicability in the forf63]

V2zt(a/ )< In[zt(a/l)] .

For typical complex plasma parameters: 1 andt ~ 100 we get that OML is applicable fay 1 < 0.2. This example
shows that OML works well for sufficiently small grains. Essentially the same conclusion is drawn by Kennedy and
Allen [64] from a consistent numerical solution for the surface potential and potential distribution around the probe in
a collisionless plasma.

The third reason is due to ion—neutral collisions. In the OML approach collisions of electrons and ions are neglectec
on the basis that the electron and ion mean free pathsare long compared to the plasma screening leffefih
However, theory has shown that ion—neutral charge-exchange collisions in the vicinity of a small probe or dust grain
can lead to a substantial increase in the ion current to their surfaces everiyvidh&arger thanl [65-67] An increase
of the ion current to a cylindrical Langmuir probe at moderate pressures is also a known effect, which is attributed to
the ion—neutral collisionf68—71] An increase in the ion current can considerably suppress the grain charge. Recent
experimental results on grain charges in a bulk dc discharge plasma by Ratynsk§ssgshbw that the particle charge
can be several times smaller than predicted by the collisionless OML model. We discuss a simple analytical model o
grain charging accounting for ion—neutral collisions and compare its predictions with the available experimental data
on particle charge in the bulk of gas discharges in the next section.

3.1.4. Charging in a weakly collisional regime

Shulz and Browr{72], and then Zakrzewski and Kopiczingld8] made the following argument for the role of
ion—neutral collisions in the perturbed plasma region (‘sheath’ in their notation) around a probe. They noted that
the collisions in the sheath cause the destruction of the ion orbital motion. When an orbiting ion makes a collision
with an atom in the sheath it will lose energy and be trapped in the region of high negative potential. Such an ion
cannot escape and will eventually reach the probe surface. Especially effective are charge-exchange collisions whic
lead to a substitution of the original ion by a low-energy ion created from neutrals. In this case essentially every
charge-exchange collision in the sheath will result in an ion absorption on the probe surface, either directly or througt
subsequent collisions. Thus, when an average ion experiences not too many collisions in the perturbed plasma regio
the collisions lead to an increase in the ion flux to the probe. On the other hand, when the gas pressure is so high th:
ions make many collisions on their way to the probe, then their motion is controlled by mobility. Mobility decreases
with pressure and so does the ion flow. These arguments were used to explain a maximum in the ion current collecte
by a negatively biased probe occuring when increasing neutral gas prig&ui@&71]

To obtain an approximation for the ion current to the particle in the presence of ion—neutral collisions we use the
ideas discussed by Zakrzewski and Kopiczirf{$ld] and more recently by Zobnin et §65] and Lampe et al[67].
First let us define the relevant (for this particular problem) length scale for the perturbed plasmaRkgg&ince the
energy of an ion after a charge-exchange collision 1 ~ T;, it is convenient to assume thRp can be determined
from the conditionU (Rp)| =~ T;, whereU (r) denotes the potential energy of ion—patrticle interaction. For the Yukawa
potential the strength of the perturbation is characterized by the scattering parfrftege(7)], evaluated at the ion
thermal velocity, viz.f; ~ |Z|e?/T;). = zt(a/4). Whenf; <1 we haveRy ~ |Z|e?/T; <. In the opposite limit
(B >1) the perturbation region can extend beydralibstantially.

In this section we consider theeakly collisional regiméor the ions, characterized by the conditiQr> Ro. Beyond
the sphere of radiuRg the plasma density is weakly perturbed, ions have a Maxwellian velocity distribution and their
random flux into the perturbed region is given by

Ip, =~ «/87‘CR(2J}1,'UT[. .

The probability for an ion to experience a charge-exchange collision inside the perturbed region can be estimated &
~Ro/¢;, providedRg/¢; < 1. After such a collision, the ion is (very likely) trapped by the particle field and eventually
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absorbed by the grain. Thus, the netion flux on the grain is sifpy (1 — Ro/£;) IomL + (Ro/£:) IR, [WherelomL
is given by Eq. (12)], i.e.,

I; = V8ra®n;vr[1+ z1 + (R3/a%0)] . (16)

This expression was derived by Lampe ef{@F].

Assuming the Yukawa potential around the grain the radius of the perturbed plasma region normalized to the plasrr
screening lengthRo/ 4, is given by the root of the transcendental equagipexp(—x) = x. In this case expression (16)
can be further simplifief7 3]. The last term in the parentheses in Eq. (16) can be rewritten in thesog ) z2t2(1/¢;),
wheres# () = (Ro/;t)3ﬁ;2 is a relatively weak function g8 in the range A < ; < 10, with a characteristic value
A ~ 0.1[73]. Thus we have

I; ~ ~/8ra’njvr.[1+ zt + 0.12%22(1/6)] , (17)

Note, that in this approximationdepends on and./¢;, but is independent of the ratig’ A. From Eq. (17) we can see
that the contribution to the charging flux due to ion—neutral collisions is dominant ¥yt€0.1zt . Thus, for typical
dusty plasma parameters~ 1 andt ~ 100 collisions can affect particle charging even when the mean free path is an
order of magnitude larger than the screening length.

Let us check the predictions of this simple analytical approximation for particle charge against available experimenta
results and numerical simulations.

Recently experimental results on grain charges in a bulk dc discharge plasma extending over a wide range of neut
gas pressures were reporf86,73] The experiment was performed with the PK-4 facility (see Section 2.2) in ground-
based conditions. It uses horizontally oriented tube filled with neon gas at pressures 20—150 Pa and patrticles of ra
a >~ 0.6, L0um, anda >~ 1.3um. For these patrticle sizes the weak ambipolar radial electric field in the bulk plasma
is sufficient to compensate against gravity so that the grains can levitate in an isotropic plasma near the tube axis.

The dynamics of particles of different size is studied varying the neutral gas prgssodethe number of injected
particles (controlled by settings of the particle dispenser), which allows us to change the particle numbergensity
inside the tube. For a sufficiently low number of injected particles the flow is stable for all pressures studied. The flow
is recorded for a number of different pressures. The charge can then be estimated fforoethmlance condition
using the measured particle velocities. The most important forces are the electric force, the neutral drag force, and ti
ion drag force. For the ion drag force the mofiet] is used. For a larger number of injected particles (and larger
an easily identifiable transition to unstable flow (with a clear wave behaviour) occurs at a certain threshold pressure
which can be found experimentally with an accuracy of about[BB&5] This transition is a manifestation of the ion
streaming instability, caused by the relative drift between the dust and the ion components. The yaldep#nds
onng (shifting towards higher pressures whenis increased). In this case the charge can be estimated fliowea
dispersion relatiordescribing the transition of the particle flow to the unstable regims athe applicability of the
linear dispersion relation method is, however, limited due to nonnegligible effect of particles on plasma parameter:
at large particle column densitie$n, [73]. In practice this method is used only for smallest grains and low particle
densities. The charges determined from this experiment are shdwig.ih0by open symbols.

Two experiments reporting estimates for the particle charge have been performed under microgravity condition
with the use of the PKE-Nefedov facilif21] (see Section 2.1). It is possible to excite the waves in the particle cloud
by applying a low-frequency modulation voltage to the electrodes. The charge can then be estimated by comparir
the measured dispersion relations with the theoretical ones. In this way the dimensionless charge was found to |
z ~ 0.4 (atp ~ 25 Pa argon gas pressufép] andz ~ 0.8 (at p >~ 12 Pa argon gas pressuféY]. The results of these
experiments are shown Fig. 10by solid circle and square, respectively.

Another experimental method to determine the particle charge reported recently is based on gravity-driven heav
“test” particle collisions with smaller particles levitating in the quasiisotropic region of an inductively coupled rf
discharge plasm@8]. A heavy patrticle falls down in a vertical glass tube and interacts with the cloud of small particles
suspended in the diffuse edge of the discharge. The interaction process is recorded with a high-speed video cam
and individual elastic “collisions” are analysed. Assuming the Debye—Hiickel potential around each particle both the
particle charge and effective screening length can be estimated. Ifi7BEthe particle charge is estimated for three
different pressures of neon gas (20, 30, and 50 Pa). The results are sHéignliby solid triangles.

A self-consistent molecular dynamics (MD) simulation of micron-size particle charging in a low-pressure plasma
was reported by Zobnin et gb5]. It was shown that charge-exchange ion—neutral collisions significantly affected
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Fig. 10. The dimensionless particle charge | Z|e2/aT . as a function of the ion collisionality parametér¢; (assumingt ~ Ap). Open symbols
correspond to the charges measured in ] for particle radiia >~ 0.6 um (squares)q ~ 1.0um (triangles), and ~ 1.3um (circles). The
symbolsx (+) are for the charges found from MD simulation foe= 0.6 um (¢ = 1.25um) and plasma conditions similar to those[#8]. Solid

circle and square are the charges estimated from wave excitation technique in PKE-Nefedov facility[ 76 R&j. respectively. Solid triangles
correspond to the charges obtained in Reé8]. The dotted line is calculated using the collisionless OML approach for an individual particle for
plasma parameters of R¢7.3]. The solid line shows a calculation using an analytical approximation of Eq. (17) for the ion flux to the particle.
These analytical calculations are done for plasma conditions relevant to exp€fii3leneon plasma witlf, = 7 eV and7; = 0.03eV.

(reduced) the charge already at pressures corresponding to a ion mean free path considerably larger than the Deb
length. Later on this code was applied to calculate the charges in conditions similar to those of exp¢86néa}s

Some modifications were made to the code to include the effects of finite particle number density. The charges obtaine
using this modified code were smaller than those obtained with the original code for an isolated particle. This was
apparently caused by an increase in the ion density compared to the electron density (effect of “closely packed” grains
However, the difference was not very significant (usually less than 10%) for the conditions investigated, i.e., the effect
of ion—neutral collisions was dominant under this parameter regime.

Fig. 10summarizes the results of different experiments and MD simulations for the grain charge. (It is assumed
here that the effective plasma screening length is Ap >~ Ap; for the conditions investigated.) It demonstrates
reasonable agreement between the results of different experiments, although they were performed under complete
different plasma conditions (e.g., different types of discharges, different gases, different particle sizes, and differen
plasma parameters). This indicates that the ion collisionality iridéxis one of the most important parameters, which
controls the particle charge in isotropic dusty plasmas. The experimental uncertainties in charges (not shown in the
figure) are due to uncertainties in plasma parameters and simplification in theoretical models employed to estimate th
charge. They are different in different experiments. For example, ifR#fthe uncertainties inare~60% at lowest
pressures ane30% at higher pressures. In addition, it was noted that the experimental results at low pressures car
contain systematic errors due to the violation of some simplifying assumptions used in the theoretical models. Strictly
speaking, for the described experiments one cannot expect the accuracy betteB®8aimn bothz and1/¢;. Taken
this into account, the results of numerical simulations are in good agreement with the experimental results.

Fig. 10shows that the obtained charges are much smaller than the collisionless OML theory predicts (dotted line). At
the same time a simple analytical approximation of Eq. (17) provides a reasonable fit for the available experimental ant
numerical data (solid line), especially taking into account experimental errors. In the parameter regime investigated the
dimensionless charge decreases with the ion collisionality parameter, in agreement with Eq. (17). Note, however, the
for sufficiently large ion collisionality Ro/¢; = 1) the assumptions used in deriving Eq. (17) are no longer satisfied.

At Rp/¢; > 1 a transition to the mobility-limited (hydrodynamic) regime of ion collection should occur. In this regime
the charge should increase with collisiona[®p,79], see next section. This regime is not reached in the experiments
discussed in this section.
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Thus, ion—neutral collisions can be the main process affecting and regulating particle charging in the bulk of ga:
discharges. All the considered evidence clearly indicates that for a typical quasiisotropic complexpfaknoantrary
to the results of collisionless OML theory.

To conclude this section we note, that ion—neutral collisions can lead to the appearance of “trapped ions”. Trappe
ions are those ions that move in closed orbits around the dust particle. They can affect both the particle chargin
and the particle charge screening by the surrounding plasma. Apparently, this effect can be substantial for the almc
collisionless regime for iong(> 1), because the creation and loss rates of trapped ions are both proportional to the
ion—neutral collision frequency. However, this question is not fully understood yet. Hence, we only give reference to
original works[66,67,80,81where the effect of trapped ions was discussed.

3.1.5. Charging in a strongly collisional regime

When the conditior?; < Rg is satisfied the ion motion to the particle is highly collisional and is controlled by
mobility. In noble gases the characteristic cross section for ion—neutral collisjpts typically between one and
two orders of magnitude larger than that for electron—neutral collisigasNote that in argon, krypton, and xenon
gen has a pronounced minimum for the electron energies of about 1 eV, due to the Ramsauer—Townsei@@leffect
Consequently, there is a wide pressure range where the electrons still are collisionless while the ions are not. In tf
stationary state we have

Vji= Qi — Qui, Ji=niwE—-D;Vn;,

whereQ); andQ\; are the source and loss rates, respectively (e.g., ionization by external sources, chemical reaction:
volume recombination etc.l is the electric field around the grain, apdand D; are the mobility and the diffusion
coefficient of the ions, respectively. Except for a region of strong electric field around the particle (where the mobility
depends on the electric field, see €[83]) the mobility can be assumed constant. The electron distribution around a
negatively charged particle is to a good accuracy given by the Boltzmann relationig explep/ T,), whereng is

the unperturbed plasma density. The electrostatic poteptialaround the particle satisfies the Poisson equation

d?p  2de
F ;a = —47'[6'(}’1,‘ — l/le) (18)

with the following boundary conditions:
pla)=¢s, ni(a)=0,
¢(00) =0, ni(c0)=no .

A number of investigations were dedicated to solving such problems (e.g., with different ionization and recombinatior
mechanisms in the vicinity of a collecting body, modifications of boundary conditions, etc.) starting from electric probe
theory to investigation of dust particle charging in different types of plasmas. Solutions have been obtained and the
applicability conditions discussed, for example, in RE§4—90] Below we give some estimates for the simplest case,
when ionization and recombination processes in the vicinity of particles can be neglected.

The ion flux in the absence of external sources of ionization and recombination is conserved and can be written a:

d dn;
i = Anr? ni‘ui_@ + Dii =1, (19)
dr dr

Far from the particle the plasma is quasineuttaly~ n, >~ no[l + eq(r)/T,]. Integration of Eq. (19) yields ion and
electron distribution in the quasineutral region

ni(r) = ne(r) ~no(l—R/r),
lo=4nRnop;(T; /&)1 + T./T;) . (20)

The electrostatic potential in this region is of the “partially screened” Coulomb fepr,) >~ —T,R/r = Zesre/r,
with some effective chargges. Obviously|Zet| < |Z]. In @ more realistic situations when ionization in the vicinity
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of the particle is taken into account the charge is screened at finite distances, which can be, however, much larger the
the Debye radiuf90].

Physically, the radiuR corresponds to the boundary of the space charge that separates the particle from the quasineu
tral region. In order to evaluat® one can solve the Poisson equation in the space charge layer. However, no compact
expression can be obtained in general case, even though the integration does not involve any fundamental probler
[83]. For this reason we consider two limiting cases. If the particle is very laxgéthe sheath is usually thin, and we
can assume& ~ a. In this case we get

Io >~ 4nanglivy, 1+ T,/ T;) .

In the opposite limit of very small particle,< A, we use the following argument: the electric field in the vicinity of

the particle is determined by the “vacuum” Coulomb potentigl,) >~ Ze/r. This potential holds as long as either

of the two “geometrical” terms on the left-hand side of the Poisson (18) are considerably larger than the right-hand
side. In this regiom; >n, and, hence, we conclude that the screening does not play atri@astfor » < /p; %/3
(assuming:; = ng; also, we suppose that the effective screening length is determined byl iongp;). Beyond this

region, the potential tends asymptotically to the “partially screened” Coulomb feim,~ Zese/r. In the “transition

zone",r ~ /lDiﬁ;/:i, the potential is of the order @F/ﬁ/BTi and, hence, the density perturbation in this region is small,
providedf; < 1. In this case, the ion flux on the particle can be written as

Iop ~ —4nr2,u,-n0(Ze/r2) = 4nanogl;vr, (T, /T})z . (22)

Using Eq. (20) and taking into account thgds = (7,/¢)R, we can evaluate the effective char@ay/Z = z 1 for
large particles andet/Z = (1 + T;/T,)~* for small particles. We note that an increaseZgf /Z and saturation at a
value of~0.5 when increasing/a was found in Ref[90], where particle charging in high pressure thermal plasma
(T; = T,) was numerically investigated.

Itis noteworthy that radiuR should not be in general equal to the radius of the perturbed plasma fgiotroduced
in the preceding section: withiRg the ions are strongly coupled to the particle, but this does not necessarily imply
violation of quasineutrality at < Ro.

3.1.6. Transitions between the charging regimes

Let us identify the conditions when the transitions between different regimes of particle charging occur. For the
electron flux we use the OML expression (11). The expression for the ion flux depends on the ion collisionality:
for collisionless ions we use Eq. (12), for the weakly collisional regime—Eq. (16), and for the strongly collisional
regime—Eq. (21), which are appropriate estimations for small partiglesl]. The result of calculations for typical
complex plasma parameters and three different values of theAatiare shown inFig. 11 The figure shows that
the collisionless regime is realized at extremely smal}; < 0.01. In this regime the deviation from the OML result
is small. In a typical situation for complex plasmag¢; <1, the charge decreases with collisionality and can be up
to several times smaller than the collisionless OML theory predicts. The transition to the mobility-limited regime of
charging occurs somewhere in the rangé 4/¢; < 10, depending oti/a. The theoretical model for this transitional
regime still needs to be constructed. For very large ion collisionality the charge increases, because collisions reduc
the ion mobility and hence the ion flux. This qualitative dependence of the particle charge on ion collisionality is in
full agreement with the results of numerical simulations reported by Zobnin [€54.

3.2. Charging in anisotropic plasmas

Dusty plasmas are usually subject to electric fields. For example, in ground-based experiments with rf discharges th
particles can levitate in the (pre) sheath above the lower electrode, while in dc discharges the particles are often trappe
in striations. Both these regions are characterized by high degree of plasma anisotropy and strong electric fields. Th
larger the particle size is, the stronger the electric field is required in order to compensate for gravity. The presence
of the electric fields causes plasma drifts relative to the dust component. This in turn can affect particle charging by
changing the collection cross sections and velocity distribution functions of ions and electrons. The problem of charging
becomes much more complicated than in the case of an isotropic plasma, and we are not aware of any self-consiste
analytical solution.
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Fig. 11. Dimensionless charge= | Z|e2/aT . as a function of the ion collisionality parametett; . The calculations are for an argon plasma with
T. =3eV andl; =0.03 eV and three different ratios of the effective plasma screening length to the particle fadiuhe solid lines represent the
weakly collisional regime [Eq. (16)] and are terminated at the pQiet Ry. Dotted lines correspond to the strongly collisional regime [Eq. (21)].
The horizontal dashed line shows the result of the collisionless OML theory.

To get an idea how the plasma drifts can affect particle charging the following simplification is usually used. The
OML collection cross sections are assumed, but instead of isotropic Maxwellian distribution function one uses the
shifted Maxwellian distribution, viz.

_ (V = Ui()?
fioW) = @uf )" 2exp| — 5|, (22)
ZUTM

whereu; ) is the average drift velocity of ions (electrons). Integration of the cross (10) with the shifted Maxwellian
function (22) yields the following expression for the ion fli4x91,92]

azniv% 2 2
I = Va——[Va(1 + 28 + 2z0)erf () + 2¢ exp(— )], (23)
whereé = u;/ﬁvn. Similarly, integrating (9) with (22), the electron flux can be writteri%
a’nevi, . 2 A2
I,=+n Vm(L/2 - &Ll )erf(éy) —erf(E)] 4+ Eems — ey, (24)

e

whereé, = /7 + ue/«/évTe. In the limit u; <v7; andu, <vr, expressions (23) and (24) reduce to (12) and (11),
respectively. In the opposite limit we have

I, = na®niu;[1+ (1 + 2z7) (v Jui)?] (29)
and
I, = ma®noue[1+ (1 — 22)(vr, /ue)?] . (26)

Often, the drift of electrons is negligible while the ion drift is large. For example, this occurs in the regime of ambipolar
plasma, in the (pre)sheath regions, i.e., where the electron distribution is close to Boltzmann, implying that the electri
force acting on the electrons is compensated by the electron pressure. In this case the electron flux to the partic
surface is given by Eq. (11) while for the ions one should use Eq. (23). The resulting dimensionless charge of the du:
particle as a function of the ion drift velocity is shownhig. 12for three values of,/n;. The charge is practically
constant fo; <wvr,, then it increases with;, attains a maximum at; ~ (2 — 3)Cia (WhereCia = /T, /m; is the
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Fig. 12. Dimensionless charge= |Z|ez/aTe of an isolated spherical particle as a function of the ion drift to ion thermal velocity ratioy, (or
Mach numbeM = u; /C\a), for a plasma with the ion drift. The calculations are for three different electron-to-ion density ratios and correspond to
an argon plasma with= 100.

ion—acoustic phase velocity), and starts decreasing. Comparison of results calculated with exact flux (23) and witt
asymptotic expressions (12) and (25) (the latter are indicated by dotted lines) shows almost no discrepancy, except fc
a narrow region near; ~ vr;.

Fig. 12illustrates the behaviour of the particle charge in a sheath above the electrode in rf/dc discharges. The average

electric field here increases almost linearly towards the electrode (see, for examp[83Rafd references therein).

The ions are accelerated by the electric field, which leads to an increasatilfu; becomes several times larger than

Cia. A positive space charge is developed in the sheath sa:ffiat > 1 as the electrode is approached. This causes
zto decrease compared to the quasineutral region. Thus, when approaching the electrode from the unperturbed bu
plasma the dimensionless chamférst somewhat increases, reaches a maximum, and then decreases. The charge car
even reach positive values sufficiently close to the electrode. Examples of numerical calculations of the dependenc
of the particle surface potential on the distance from the electrode in collisionless and collisional sheaths of rf and dc
discharges can be found in Rg34] for a set of plasma parameters.

The accuracy of neglecting the potential anisotropies caused by the ion flow (i.e, the assumption of the OML collection
cross section) was checked by Lapej#d] and Hutchinsorj96,97] using particle-in-cell codes. It was shown that
the potential asymmetry is virtually negligible with respect to the total ion flux for a conducting particle. However,
the agreement between simulation and theory is worse for a dielectric particle. The latter acquires a significant dipole
moment and the absolute magnitude of the charge of dielectric particle is larger than that of conductive particle. Suct
trend was predicted analytically by Ivlev et 8]: Fig. 13shows that the deviation between the charges can be quite
substantial. Another circumstance which can affect the accuracy of expression (23) is the deviation of the ion velocity
distribution function from shifted Maxwellian, see e.qg., Eq. (53) and [2&}.

Experimental examination of dust particle charges is of extreme importance, especially in cases where the plasm
parameters are unknown or cannot be determined with sufficient accuracy. This is especially the case of anisotropi
plasmas (e.g., sheaths) where in addition to the charging model (already complicated by plasma anisotropy, nonnet
trality, presence of “superthermal” ions and electrons, etc.), one needs to choose an appropriate model for the sheat
which is not trivial itself.

Several experimental methods were proposed to measure particle charge in sheath or striation regions of discharge
Some of them are described below.
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Fig. 13. The dimensionless chardég = 32|Z|/aTg (in the textz is adopted), and the dimensionless dipole moméit,= ed/azTe, of the
dielectric particle (solid lines) versus Mach number of the plasma by@8]. The dotted line corresponds to a metal particle. The dashed line is
the asymptote for the dipole curve. The figures correspond to (a) H, (b) He, (c) Ne, and (d) Ar.

Vertical resonance metho@haracteristics of the vertical oscillations of a single particle in the sheath are determined
by the particle charge (see Section 8). Typical values of the vertical resonance fre@yeeyin the range 1-100 Hz
and, hence, one can use low-frequency excitations to estimate the charge. As a simplest example, we refer to line
(harmonic) oscillations. By measuring the amplitude of the particle oscillations at different frequencies and then fitting
the obtained frequency response curve with the well-known theoretical exprE30dyit is possible to determine the
resonance frequenc®, and the neutral damping ratg, simultaneously. This technique was employed for the first
time in Ref.[14], and later it was used to determine the particle charge in Ref$—105] The excitation is usually
performed by applying a low-frequency signal to the rf electrode (in a modified variant—to a Langmuir probe or a wire
inserted into a plasma in a vicinity of the levitated particle), or by using a focused laser beam.

The main difficulty in estimating the particle charge from experimental results is to establish the relation igtween
andZ. It is often supposed that the dependencg of the height is much weaker than that of the electric field, i.e., in
the first approximation one can assufhe- const, and therefor®@2 ~ —Zz E/mg, whereE denotes the derivative of
the electric field evaluated at the particle equilibrium position. At sufficiently high pressures, the value of the derivative
E’ is practically constant over the sheath and can be estimated using a certain theoretical model. (Probe measureme
in the sheath are not reliable, because of uncertainty in their interpretation.) This introduces some inaccuracy in th
measurement results. Nevertheless, this method is often used in experiments because of its particular simplicity.

Vertical equilibrium The method is based on the fact that when the potential distribution in the sheath is suitably
determined, the charge on isolated dust particles levitated in the sheath can be estimated from their equilibrium heigh
by using balance between gravity and electric force. The method was used by Tomnj@3tzald later by Samarian
and Vladimirov[106]. In this method care must be taken in choosing an appropriate model for the sheath. Another
possible source of uncertainties is the effect of forces that are not taken into account (e.g., ion drag, thermophoresis, et
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Dust lattice wavesExcitation of dust waves in strongly ordered particle structures (e.g., particle chains or two-
dimensional lattices) is often employed as a diagnostic tool in studying dusty plasmas. The dispersion relations of the
dust—lattice waves can be derived assuming certain form of the interparticle interaction potential (see Section 9.4)
Usually the Yukawa potential is used. In this case the main parameters entering into the dispersion relation are thi
particle chargeZ, and the ratio of the interparticle distance to the effective screening length—the lattice parameter
k = A/A. Other parameters are either known in advance (e.g., particle mass) or can be easily determined in the
experiment (e.g., interparticle distance). Her€¢andx can be estimated by comparing an experimental dispersion
relation with arelevanttheoretical model. The dispersion relations measured ifiR&fsl11were used to estimate the
particle charge.

Other methods of charge determination were also used. Inaltision methodproposed by Konopka et dli8]
two-particle collisions are produced in a sheath region of an rf discharge using a horizontal electric probe, which
allows to manipulate the particles. The form of the interaction potential is reconstructed from the analysis of particle
trajectories. It was found that for low discharge powers and pressures the interaction potential can be fitted with the
Yukawa potential within experimental uncertainties. From the fit the effective particle charge and plasma screening
length can be estimated.

Measurements of the particle charge in a stratified dc discharge plasma were performed by Foiftbi/At b this
work, aperiodic oscillations of an isolated particle were excited by a focused laser beam. Analysis of particle trajectory
yielded the charge.

A nonlinear dependence of the particle charge on the particle size was evidenced in experiments in anisotropi
plasmas (see e.g., Ref83,106,112). This nonlinear dependence can be attributed to the dependence of surrounding
plasma parameters on particle s[243]: the particles with different radii levitate in different regions of the sheath
or striation characterized by different plasma parameters, i.e., different ion and electron densities, ion drift velocity,
electrontemperature, etc. This makes the particle surface potential dependent on particle size and thus causes a nonlin
dependence of the particle charge on size, in contrast to the charging in the bulk of gas discharges.

The effect of ion—neutral collisions on particle charging, discussed in detail in connection with charging in isotropic
plasmas, can apparently be also important in anisotropic plasmas. In this case the effect is two-fold: in addition to
destroying collisionless ion trajectories in the vicinity of the particle, collisions change the structure of the sheath or
striation. Thus the charge can depend on the ion collisionality in a quite complicated way and we are not aware of
any consistent theoretical study of this effect. We note in this context an experiment of Fortdit #2lvhere some
increase of the particle surface potential with pressure was reported.

3.3. Other effects important for particle charging

The collection of ions and electrons from the plasma is not the only possible charging mechanism. Electrons car
also be emitted from the particle surface due to thermionic, photoelectric, and secondary electron emission processe
These processes are of importance for dust charging in the working body of solid-fuel MHD generators and rocket
engineg40,114-116]in the upper atmosphere, in spg¢gl17,118] and in some laboratory experiments, for instance,
in thermal plasmag§l6,41-49]or in plasmas induced by UV irradiatidd19], with photoelectric charging of dust
particles[120], charging by electron beanfi$21], etc. Emission of electrons increases the dust particle charge and,
under certain conditions, the particles can reach a positive charge, in contrast to the situation discussed previously. Dt
to the emission processes two-component systems consisting of dust particles and the electrons emitted by them can
principle exist. In this case, the equilibrium potential (charge) of the dust particle is determined by the balance of the
fluxes that are collected by the particle surface and emitted from it, so that the quasineutrality conditipmisz, .

Such a system serves as the simplest model for investigating different processes associated with emission charging
dust particle$40,58,114] Let us briefly consider each of the emission processes listed above.

Thermionic emissiari-or an equilibrium plasma characterized by a temperdtiLités common to use the following
expressions for the flux of thermoelectrdg5]:

I (4naT)’m, exp( ) L ps<0,
th= ——7— —— ) x
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Values of the work functioW of thermoelectrons for different metals and semiconductors lie typically within the
ranges from 2 to 5eV. In the case of dielectric particles, where free electrons appear due to ionization, thermioni
emission cannot play a significant role because the particles usually melt before thermionic emission makes a substant
contribution to the electron flux. For negatively charged particles its electric field accelerates the electrons from the
particle surface and some increase in emission current can be expected due to reduction of the work function by tt
Schottky effect. Thermionic emission was identified as the dominant charging mechanism in thermal plasmas (se
Section 2.3).

Photoelectric emissiamhe electron emission can be caused by an incident flux of photons with energies exceeding
the work function of photoelectrons from the particle surfd@?,123] The characteristic value of the work functions
for most of the materials does not exceed 6 eV, and hence photons with en€rte=V can charge dust particles
without ionizing a buffer gas. The flux of emitted electrons can be writt§654$24}

1, ps<0,

wherelis the photon flux density, anfls the quantum yield for the particle material. Itis also assumed that the radiation
is isotropic, the efficiency of radiation absorption is close to unity, which occurs when the particle size is larger than
the radiation wavelength, and the photoelectrons possess a Maxwellian velocity distribution with the tempgrature
The last of these lies in most cases within the ranges from 1 to 2eV. The quantum yield is very low just above the
threshold, but for the most interesting regime of a vacuum ultraviolet it can reach a value of one photoelectron pe
several photons. Therefore, the photoelectric emission mechanism of particle charging can be quite important in spac

Sickafoose et a[120] studied experimentally photoelectric emission charging of dust particles with diameters of
~100um. Conducting particles acquired a positive floating potential and charge both increasing linearly with the
decreasing work function of photoelectrons. Behaviour of dust particles charged by solar radiation in microgravity
conditions was investigated in Ref28,119] An analysis of particle dynamics after UV irradiation, reporteflit9],
revealed that the particles with mean radiuss3if were charged to approximately14

Secondary electron emissidrhe flux/s, of secondary electrons is connected to that of primary electfgrthrough
the secondary emission coefficiénviz. Is, = d1,.. The coefficient depends both on the energyof primary electrons
and on the dust particle material. The depend@iié@turns out to be practically universal for different materials,ig
normalized to the maximum yieli, of electrons, and is normalized to the valug€y, of energy at which this maximum
is reached. The corresponding expressions for the case of monoenergetic electrons can be founftia3Refie
values of the parameteds, and &, for some materials given if#] lie within the rangesdm ~ (1-4), andé'm ~
(0.2-0.4) keV. For the case of Maxwellian-distributed electrons, the expressioms given, for instance, ii55].

Walch et al[121] experimentally investigated the charging of particles of various materials and diameters from 30
to 120pm by thermal and monoenergetic superthermal electrons. When the charging was dominated by supertherm
electrons, the particles were charged to the potential proportional to the electron energy and the charge proportional
the particle radius. However, when the electron energy reached a threshold value (different for various materials), frot
which the secondary electron emission became important, a sharp decrease in the absolute magnitude of the cha
was found.

3.4. Role of microparticles in plasma charge balance

The dust particles immersed in a plasma act as ionization and recombination centres. Particles that emit electro
may increase the electron concentration in the plasmas. Conversely, when the particles absorb electrons from the plas
they become negatively charged and reduce the electron density compared to the ion density. From the quasineutra
condition it is clear that the presence of dust influences the plasma charge compositioZyhén, = P >1.

In the absence of emission processes, electrons and ions recombine on the dust particles. Plasma loss rates
determined by the expressi@ ., = I.i)nq, Wherel,; is the flux of electrons (ions) absorbed by the dust particle
surface. For large dust concentrations, the losses of electrons and ions on the particles can exceed the recombinat
losses in the dust—free plasma (volume recombination and/or plasma losses to the walls of a discharge camera).
self-sustained plasmas an increase in the recombination frequency has to be compensated for by a correspond
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increase in the ionization frequen36,125] This can for instance lead to an increase in the electron temperature and
the discharge electric field.

When particles emit electrons, they serve as ionization sources as well. The particle contribution to the ionization is
characterized by the flux of emitted electrons (see the previous section). In the limiting case, emission from particles
embedded into a neutral gas completely determines the charge composition of the plasma, playing the role of source
and sinks for the electrons.

3.5. Fluctuations of the particle charge

In the previous sections the particle charge was treated as a contiragular variable. However, the charging
currents represent in reality sequences of events bound to electron and ion absorption or emission by the dust partic
surface. These sequences and time intervals between the successive acts of absorption and emission are random. /
result, the particle charge can fluctuate around its average value. The importance of charge fluctuations was recogniz
as early as in the 1980s: Moffill et 4lL26] suggested that charge fluctuations can have a major influence on dust
transport in astrophysical plasmas. Several studies in recent years addressed the problem of charge fluctuations tt
arise from the random nature of the charging pro¢@2—130] In particular, gas discharge plasmas, where dust is
charged by collecting electrons and ions, were considered within the framework of the OML approach. Several different
charging mechanisms, including thermionic and photoelectronic emission processes, were also considefé8]jin Ref.

Charge fluctuations due to discrete nature of charging can be described as a stationary, Gaussian and Markoviz
process (or the Ornstein—Uhlenbeck proddsyl]). This process was originally adopted to describe the stochastic
behaviour of the velocity of a Brownian particle. In the above case, it describes the behaviour of the deviation of a
particle charge from its average valugi(r) = Z(t) — Zo, whereZg = (Z(t)) is the average charge. Let us derive
the main properties of charge fluctuations. For simplicity, we limit consideration to the particle charging by electron
and ion collection in the OML approximation. Generalization to other charging mechanisms is trivial. The Langevin
equation forZ1(z) is

dz,

o5 T enZi= ), 27)

where f () is the stochastic term, associated with random acts of electron/ion collection. Fufi¢tjcsatisfies the
following properties{ f ()) =0 and{ f (¢) f (t")) = 2Io(t — t"), wherely is the flux of electrons and ions to the particle

in the stationary state [which determines the average charge, see Eq. (14)]. Applying these properties to the solution
Eq. (27),

t
Z1(1) = Z1(0) exp(—&cht) + eXIO(—Qcht)/O F") expQent’) dt’”,

we obtain the following properties of charge fluctuations:

(1) The charge fluctuation amplitude has zero average:

(Z1)=0.
(2) The charge autocorrelation function decays exponentially,
(Z1(1) Z1(1")) = (Z5) exp(—=Qenlt — 1) (28)
where the relative charge dispersion (squared fluctuation amplitude) is
2
> _ (Z7) Vz

=— = . 29
2= 7722 Tzl (29)

Using OML theory we get

1+ 2zt N 1
zA+1t4+2z7) 14z

Yz =

assuming that > 1.
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(3) The proces¥ (r) = fé Z1(t") dt’ is Gaussian but neither stationary nor Markovian. With the help of Eq. (28) we
obtain

2

2 2(z?)
(Y1) = [Qcht + eXp(—Qcht) — 1] .
‘Qch

Usually, itis enough to use these properties for investigating the influence of charge fluctuations on dynamic process
in dusty plasmas. In particular, the following investigations can be mentioned: dust particle “heating” (in terms of the
kinetic energy) in an external electric field due to charge fluctuations was studied i F&s135] instabilities of
dust particle oscillations due to charge fluctuations were considered by Morfill[@B&].and Ivlev et al]137], dust
diffusion across a magnetic field due to random charge fluctuations was investigated by Khrapak and1@8ffill
with application to astrophysical plasma.

We note that the discreteness of the charging process in not the only reason for particle charge fluctuation. Spati
and temporal variations in plasma parameters, collective effects in dusty plasmas constitute other sources of char
fluctuations. These issues, however, have been much less investigated.

4. Electrostatic potential around a particle
4.1. Isotropic plasmas

The distribution of the electrostatic potentig{r) around an isolated spherical particle of chafge an isotropic
plasma satisfies the Poisson equation (18) with the boundary condjtiens = 0 andg(a) = @ The potential is
connected to the particle charge through the relationship

do

Ze
dr

5 -

r=a a

In a plasma with a Boltzmann distribution of electrons and ions the right-hand side of Eq. (18) can be linearized
provided the conditiote g/ T ()| < 1 is satisfied. This yields

o(r) = ws<a/r>exp(—r;D“> , (30)

where/5? = \5? + /5?2 is the linearized Debye length. The surface potentiglis= (Ze/a)(1+a//p)~*. For small
particlesa < Ap, EqQ. (30) is simplified to

@(r)=(Ze/r)exp(—r/ip) . (31)

Expression (31) is the Debye—Hickel potential which is often used in complex plasmas. If the surface potential i
not small compared to the temperatures of electrons and/or ions, then one can still use Eq. (31) at sufficiently larg
distances from the particle. In this case, the surface potentistiould be replaced by some effective surface potential
Qeff» With |eg| < |@g|. FOr given plasma parameters, the valuegf can be calculated numericall¥39—-141]

In fact, however, this simple approach to derive Eq. (31) is not really justified for most of complex plasmas. First, the
Boltzmann distribution cannot be employed (at least for ions), because usualT; | > 1. Second, the Boltzmann
distributions do not represent accurately the actual plasma distribution around the particle, especially for the specie
which is attracted to the particle (e.g., ions for a negatively charged particle). Moreover, due to plasma absorption o
the particle the electron and ion fluxes directed from the particle are absent (in the absence of emission, of course
This makes distribution functions of ions and electrons anisotropic in the velocity space. Thus, strictly speaking, ther
is no sufficient physical grounds in applying formula (31) directly to complex plasmas.

To get an idea what is the realistic form of the particle potential, let us consider a negatively charged perfectly
absorbing particle immersed in a collisionless electron—ion plasma. Assuming that we have Maxwellian plasma in th
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unperturbed region far from the patrticle, the electron (ion) distribution is given by the integral over the corresponding
velocity distribution function,

ey (r) = no/_ fe(iy(vr, vg, ) 2mvg dvg du, (32)
Ze(i)
where
_ E(vr, vp, 1)
f(f(f)(vr> vy, r) = (vaTe(,')) 3/2 exp|:_’0} y
Teiy

in the phase space domaif,(;, accessible for electrons (ions), afig;) = 0 outside the domain. Three conditions
determine the boundaries of the integration domair(§ The total energy’ should be always positive, (ii) the electron
and ion trajectories satisfying the conditions for absorption end on the particle(i-eQ for these trajectories), and
(iii) if the barrier in the effective potential energy exists then the ions/electrons are reflected from this barrier.

For the description of motion in the central force field we refer to Section 3.1.1. For electrons the total energy is
positive and there is no barrier in the effective potential. Consequently, the difference of the actual electron distribution
from the Boltzmann one is associated only with condition (ii)—the electron absorption on the particle. This difference
is noticeable only in the region close to the particle, where the density is a half of the Boltzmannnyalue,

(no/2) expleps/ T,) [56]. Since the contribution from the ions to the Poisson equation is dominant in this region,
the effect of electron absorption is of minor importance for the potential distribution, and the use of the Boltzmann
distribution is sufficiently accurate.

For ions, all three conditions have to be taken into account when detern®@piffgve for a moment neglect the ion
absorption and the barrier in the effective potential, then integration in Eq. (32) with the only congtrginty, ») >0
yields[56,142]

ni(r) 2 [ ep(r) e, _eo(r)
o _ﬁ T +exp[ T }[1 erf( T )} (33)

The ion density increases towards the particle, but not as rapidly as the Boltzmann distribution does. This importan
conclusion is rather general in view of the assumptions made in deriving Eq. (33): ion absorption and the barrier in the
effective potential further deplete the ion density in the vicinity of the particle.

An approximate solution to the Poisson equation with Boltzmann electrons and ion distribution given by Eq. (33)
was recently delivered by Tsytovich et fl43]. It deviates considerably from the Yukawa form (31). The obtained
solution is, however, not a self-consistent one, because it contradicts with the initial assumption that there is no barrie
in the effective potential.

In general case the ion density is expressed in terms of the electrostatic potengiaia an integral, in a very
complicated fashiofb6,144] The ion density at a poimtdepends not only on the value of the potential at this point,
but on the wholep(r) behaviour. The Poisson equation then represents a nonlinear integro-differential equation which
requires numerical solutioji44]. In the context of dusty plasmas only a few numerical calculations for a limited set
of plasma parameters were performed. For example, Daugherty[@1 pfollowed Bernstein and Rabinowif244]
assuming monoenergetic ions in order to simplify the solution procedure. The electrostatic potential was then calculate
numerically. The main results can be formulated as follows: in a vicinity of the particteleas than a few., the
potential can be well approximated by the Yukawa form, Eq. (31). For small particlesy), the effective screening
length is close to the ion Debye radius,~ Ap;, and for larger particles:(z, 1p), 4 increases witla and can reach
values comparable tip,. At larger distances, the potential tends asymptoticalky to-2 dependence, which is well
known from the probe theotf{s6]. Similar results were later obtained in REf6].

Recently a consistent numerical calculations for the particle surface potential and potential distribution around the
particle in a plasma with Maxwellian ions was repor{éd]. Although, the emphasis of this work was on the effect
of the barrier in effective potential on the ion current that the particle could collect, some results for the potential
distribution were also presented. It was found that there is a vacuum-like region near the particle surface where th
potential scales ag(r) o 1, while far from the particle(r) « 2. In between, there is a transition region where the
potential decreases faster. Apparently, for not too large distances from the particle, the potential can be approximate
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by the Yukawa form with some effective screening length. However, detailed consideration of this issue is absent i
Ref.[64].

Thus, available numerical results suggest that at intermediate distances from the particle the actual potential |
collisionless plasmas can be approximated by the Yukawa form (31) with an appropriately chosen screening lengtl
At the same time, no strong physical arguments have been given to justify this approximation, and, hence there
no reason to believe that this is the best approximation among other possibilities. This issue obviously needs furthe
investigation. Far from the particle the potential scalee@3 o r—2 due to plasma absorption. This scaling can be
easily derived analytically. Neglecting the barrier in the effective potential, the condition for the ion absorption can be
formulated in accordance with Eq. ()< a/1 — 2eps/m;v2. Rewriting it in terms ob, andvy and using the fact that
lps| > o(r)| atr >a, we get that fory S(a/r)/vZ — 2eps/m; only the ions withv, <0 are present. Integration in
(32) yields

2
n;(r) =~ noexp[—e(/)T('r)] |:1_ Z? <1_ ZeT?s)] _

The potential distribution in this region is determined from the quasineutrality conditionn; . ASsumingps >~ Ze/a
and using dimensionless parameters we arrive at the following asynjipie6e62,145,146]

ep(r) B 1+ 2zt f
T, — 41+ r?

(34)

at larger. Usuallyz>1 andz ~ 1, so that we have(r) ~ Zea/2r°.

An additional complication in the theory of electrostatic potential around the dust particle is associated with
ion—neutral collisions. The possible importance of this effect should not be underestimated. In the weakly collisiona
situation¢; > / the collisions, no matter how infrequent, will create ions with negative total energy in the vicinity of the
minima in the effective potential energy. These ions are trapped in the potential well and orbit the particle until anothe
collision untraps an ion or it is absorbed on the particle surface. Because the creation and loss rates of trapped io
are both proportional to the collision frequency, the number of orbiting ions in the stationary state is independent o
collision frequency. Trapped ions increase the ion density in the vicinity of the particle and can considerably affect the
electrostatic potential. For example Lampe ef@6] showed that under certain conditions the presence of trapped ions
can lead to better agreement between the potential calculated in a self-consistent way and the by peotdutial
for distances up to several Debye radii. The effect of ion—neutral collisions on the potential was also documented b
Zobnin et al[65], who observed that with increasing ion collisionality a transition from the Yukawa to the unscreened
(Coulomb) potential occurs. This is in agreement with the fact that in the highly collisional regime for the ions the
potential scales ag(r) o r—1 in the absence of ionization/recombination processes (see Section 3.1.5).

To conclude the section, one should note that a self-consistent calculation of the electrostatic potential around tf
particle and its dependence on parameters of the ambient plasma still is a very important unsolved problem in comple
plasmas.

4.2. Anisotropic plasmas

Strong electric fields are often present in laboratory conditions (e.g., in rf sheaths or dc striations). This causes the ic
drift relative to the particles and, hence, creates a perturbed region of plasma density downstream from the particle—
wake. One can apply the linear dielectric response formalism (se¢ld.g]) to calculate the potential distribution in
this case. This approach is applicable provided ions are weakly coupled to the particle (nonlinear region around th
particle is small compared to the plasma screening length). Note that larger ion drift velocities imply better applicability
of the linear theory. The electrostatic potential created by a point-like charge at rest is defined in this approximation a

Ze [ €¥dk 35
o =52 / K2:(0.K) ' (35)
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Fig. 14. Contour plot of the ion density, showing ion focusing, for three different velocities of ion flow measured in ufEs3af|5 [156]. The

plot is presented in the grey-scale topograph style: regions A correspond to depressed ion dersijesyhereas regions B are far> ng. The

ions are focusing behind the grain thus forming the region with highly enhanced ion density. The distances are measured in units of the electrol
Debye length.

wherees(w, k) is the plasma permittivity. Using a certain model for the permittivity [see, e.g., Egs. (54), (76) and (78)
for the ion response], one can calculate the anisotropic potential distriptid8r154] The potential profile can also

be obtained from numerical modellif@45,155-159]Fig. 14shows the contour plot of the ion density in the wake,
as obtained from the MD simulatiofis56].

Physically, generation of electrostatic wakes in anisotropic dusty plasmas is analogous to the generation of elec
tromagnetic waves by a particle at rest, which is placed in a moving mediéf161]and the analogy with the
Vavilov—Cherenkov effect can be useful.

The qualitative description of this effect is the following: in the directions upstream from and perpendicular to the
ion flow, anisotropy is of minor importance. Within a certain solid angle downstream from the flow, the potential is no
longer monotonic, but has a well pronounced extremum (maximum for a negatively charged particle). As shown by
numerical modelling, the shape of the wake potential is sensitive to ion collisions (ion—neutral collj$g2iand
the electron-to-ion temperature ratio which governs Landau danjp88]. In typical situations, these mechanisms
can effectively “smear out” the oscillatory wake structure, leaving a single maximum. The shape of the wake potential
depends on the value of the Mach numbBér= u;/C\a, however, the wake itself appears both in supersonic and
subsonic regimes of the ion drift. In this context, we mention the work of Lampe [@4&] where some examples of
the wake structures calculated numerically for different plasma conditions are presented. The effects of finite particle
size and asymmetry of the charge distribution over its surface are considered iflB4f$65]

In this section we considered the potential distribution around an isolated particle. Such a consideration is justified
when the number density of the dust component is low enough and the interparticle separation significantly exceed
the Debye radius. Otherwise, the dust collective effects can of significant importance, so that dust can also contribut
to the plasma screening of a test charge. The details can be found in the recent review by Morfil6&i.al.
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5. Interaction between particles in complex plasmas
5.1. Isotropic plasmas

The potential of interaction between dust particles is, generally speaking, not only of electrostatic nature. This
is due to variability of the particle charges, particle coupling to the surrounding plasma, etc. In addition, “collective
interactions” can operate when the dust can be treated as the “true” plasma confip®®kirt this review we consider
the case of sufficiently low dust concentrations, when the interparticle interaction (as well as screening and charging
can be calculated in the approximation of “isolated” particles. In this case, the absolute value of the electrostati
force acting on a particle witfixedchargeZ and located at a distancdrom the test particle iFg) = —dUg(r)/dr,
where

Uel(r) = Zeop(r) .

Thus, it is necessary to know the distribution of the electrostatic potesdialin the plasma around the dust particle.

It was shown in the preceding section that this problem is fairly complicated and requires further investigation. At
the current level of understanding it seems reasonable to adopt the Yukawa-type potential [Eq. (31)] at intermediat
distances from the particle, in order to model the interaction in isotropic plasmas. Then the interaction potentia
energy is

7262 r
Uel(r) @ —— exp(—f) .
r A
At longer interparticle distances (typically more than several screening lengths) the long-range asymptote operat
[Eq. (34)] and the interaction energy can be writteB/as~ Z2ea/2r?. This estimate holds for distances not exceeding
the mean free path of ions, because collisions effectively destroy the anisotropy in the ion velocity distribution.

In addition to that, different attraction and repulsion mechanisms can exist as a consequence of the openness
dusty plasma systems—the openness caused by continuous exchange of energy and matter between the particles
surrounding plasma.

The continuous flow of the plasma electrons and ions on the surface of a dust particle leads to a drag experienct
by neighbouring particles. This can result in an effective attractive force between the particles, which is called the ior
shadowing force. The magnitude of this force is mainly determined by the ion component due to larger ion masses
Such an attractive mechanism was first considered by Igia6x] and Tsytovich et al[168], and later on in Refs.
[145,146,169] Note that the ion shadowing force basically represents the ion drag force in the ion flow directed to
the surface of a test particle. Strictly speaking, the ion shadowing force is not pairwise, since the interaction betwee
several particles (more than two) depends on their mutual arrangement.

Another attraction (repulsion) between the particles can be associated with neutral atoms, provided they are scatter
from the particle surface with the energy distribution different from that of the ambient neutral gas. This can happen
e.g., if the surface temperatufeis different from the neutral gas temperatdjeand full or partial accommodation
takes place. The temperature of the particle surface is governed by the balance of various processes, such as radia
cooling, exchange of energy with neutrals, and recombination of electrons and ions on the [4T@&de the case
Ts # T,, there exist net fluxes of energy and momentum between gas and particles. Hence, if two particles are locate
sufficiently close to each other, an anisotropy in momentum fluxes on the particles will also exert a shadowing force
between them, which in this case is associated with the neutral component. The force is repulsifewiigand is
attractive in the opposite case. This effect was first considered by TsytovicHETH|.

Both for neutral and ion shadowing effects, the corresponding potentials scald/as Hence, at large distances
the shadowing interaction will overcome the long-range electrostatic repulsion. The existence of attraction makes th
formation of dust molecules possible (an association of two or more particles coupled by long-range attraction). Th
theoretical examination of the conditions of molecular formation can be found in[Rgf46]. For isotropic plasmas,
however, the formation of dust molecules has not yet been experimentally established. First of all, this can be explaine
by the fact that rather large particles are needed for the substantial shadowing effect. In ground-based experiments, st
particles can levitate only in the sheath regions of discharges, where the electric field is strong enough to balance tl
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gravity and the effects of plasma anisotropy are of primary importance. The ions drifting with superthermal velocities
provide almost no contribution neither to screening nor to shadowing.

5.2. Anisotropic plasmas

In anisotropic plasmas the wake effect is important (see Section 4.2). This effect is usually invoked for explaining
the vertical ordering of the dust particles (chain formation) often observed in ground-based experiments. Recently
another effect was pointed out, which might play some role in the vertical ordering of dust particles along the ion
flow. This effect is connected with a distortion of the ion velocity field by the upstream particle and the appearance
of a horizontal component of the force, caused by the ion momentum transfer to the downstream[pa&jclehis
force—the ion drag force—pushes the downstream patrticle back to the axis with the origin at the upstream patrticle
position and parallel to the ion flow. Numerical modelling of the ion velocity field in the wake showed that for certain
conditions the ion drag mechanism prevails over the electrostatif166¢

Note that both effects are sensitive to ion—neutral collisions. First, the collisions reduce the ion directed velocity
in an external electric field (and, hence, plasma anisotropy). Second, they limit the perturbed plasma region (both th
potential and the ion velocity field) around a probe particle to a length scale on the order of the ion mean free path.
Therefore, both mechanisms can only operate at sufficiently low pressures.

5.3. Experiments

Determination of the interaction potential constitutes a delicate experimental problem. Only a few such experiments
have been performed so fd8,172-176]

An elegant method based on an analysis of elastic collisions between the two particles was proposed by Konopk
et al.[18,172] In this experiment the particles are introduced into an rf discharge through a small hole in the glass
window built into the upper electrode and are levitated above the lower electrode, where the electric field compensate
for gravitational force. To confine the particles horizontally, a ring is placed on the lower electrode, which introduces a
horizontal parabolic confining potential. The manipulation of the particles and activation of elastic collisions between
them is performed with the use of a horizontal electric probe introduced into the discharge chamber. During the collision,
the particle trajectories are determined by the confining potential and the interparticle interaction potential which is a
function of interparticle spacing. An analysis of recorded particle trajectories during collisions yields the coordinates
and velocities of both the particles during collision. Then, the form of the interaction potential can be reconstructed
from the equation of motion. Application of this meth{iB] showed that for low discharge powers and pressures
the interaction potential is of the Yukawa form (31) within experimental uncertainties. This is illustrafégl ib5
The role of other interaction mechanisms is insignificant for the plasma conditions used in these experiments, which
however, does not exclude the possibility of their existence (sed Ri&).

A method based on the laser manipulation of the dust particles was proposed to study interaction between the particle
in anisotropic plasmgd.73]. Melzer et al][174] employed this method for two particles suspended simultaneously in
the rf sheath: a single particle of radius~ 1.7 um, and a cluster of two particles (of the same size) stuck together. The
particles were introduced into a plasma of an rf discharge in helium at a presspre &0—-200 Pa. Because of the
different charge-to-mass ratios, the double particle levitated closer to the lower electrode. Both particles, meanwhile
were almost free to move in the horizontal plane. The first observation was the following: for sufficiently low pressures,
the particles tend to form a bound state, in which the lower particle is vertically aligned to the upper one. With increasing
pressure, the bound state can be destroyed, and then the particle separation in the horizontal plane is limited only t
a very weak horizontal confinement produced by a specially concave electrode. The backward decrease of pressu
brings the system back into the bound state. It was found that the effect exhibits hysteresis.

In order to prove that the observed bound state is not due to external confinement, the particles were manipulate
by laser radiation. The laser beam was focused either on the upper or the lower particle, causing the motion. It wa
found that when the upper particle is pushed, the lower particle follows its motion. This behaviour proves that the lower
particle is subject to an attractive horizontal force mediated by the upper particle. In contrast, when the lower particle
is pushed, the response of the upper particle is much weaker and the bound state can be easily destroyed. Hence,
interaction between the particles is clearly nonreciprocal.
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Fig. 15. Potential energyg of interaction between two particles in a rf sheath versus the horizontal distheteeen therfil8]. Measurements were

taken with the particles of radius~4.5um atp = 2.7 Pa in argon and different rf peak-to-peak voltaggs Symbols correspond to experimental
results, solid lines show their fit to the Yukawa potentia|(x) = (¢2Z2/x) exp(—x/4) leading to the following effective particle chargeand
screening lengthl (7, is the measured electron temperature): 1Z| = 13,900, A = 0.34mm, T, = 2.0eV, Up = 233 V; 2— |Z| = 16, 500,
/.=0.40mm,T, =2.2eV,Up =145V, 3— |Z| = 16,800,4 = 0.90 mm,T, = 2.8 eV, Up = 64 V. Note that the screening length determined from

the experiment is closer to the Debye radius for electrons than for ions. This is in qualitative agreement with the assumption that the ion velocity i
close to the ion sound velocityjp = +/T./m; in the (collisionless) sheath and ions do not contribute to the screening.

Another set of experiments to measure forces produced by the ion wake field from the upper (lighter) “target” particle
by colliding the latter with the (heavier) “probe” particle levitated at a lower height in a sheath of an rf discharge was
reported by Hebner et dl175,176] In this experiments attractive and repulsive interactions between charged particles
were calculated using Newton’s equations of motion for various experimental conditions (using different particles size:
and neutral gas pressures). It was shown that the magnitude of attractive potential increases with lowering the g
pressure, as expected (see discussion at the end of the preceding section). It was also found that the attractive for
decay fairly rapidly as the vertical distance between the particles increases. Fits to repulsive and attractive forces we
proposed.

It is obvious that the experimental results reportefllid—176]can be explained by the wake effect. However, the
guestion of whether the attractive force has an electrostatic nature or is associated with the ion drag mgrbs@jnism
still needs to be investigated.

6. Momentum exchange in complex plasmas

The momentum exchange between different species plays an exceptionally important role in complex plasmas. F
example, the momentum transfer in collisions with the neutral gas “cool down” the system, in particular grains and
ions, introducing some damping. The forces associated with the momentum transfer from electrons and ions to tf
charged grains—i.e., the electron and ion drag forces—often determine static and dynamical properties of the gra
component, affect wave phenomena, etc. The momentum exchange in grain—grain collisions and its competition wit
the momentum transfer in grain—neutral gas collisions governs grain transport properties, scalings in fluid flows, etc
While various aspects of electron—ion interaction (collisions) as well as electron, ion, and grain collisions with neutrals
have been well studied, comparatively little work has been done on grain—electron, grain—ion and grain—grain collision:

In this section, we assume the Debye—Hiickel (Yukawa) potential around the dust particle and perform a detaile
analysis of the binary collisions involving the particles. First, the momentum transfer cross section for different types
of collisions is calculated and analytical approximations for some limiting cases are derived. These approximation
are used to estimate the characteristic momentum exchange rates in complex plasmas. This provides us with a unifi
theory of momentum exchange in complex plasmas irbthary collision approximationSome direct applications of
the obtained results are also considered, e.g., classification of possible complex plasma states in terms of moment
exchange, the hierarchy of the momentum exchange in grain—grain and grain—neutral collisions and correspondir
dynamical states of complex plasmas. In the next section these results are used to calculate the electron and i
drag forces.
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6.1. Momentum transfer cross section

We consider binary collision between two particles of masseandm interacting via an isotropic potential of the
form

U(r) =—(Uo/r) exp(—r/4) ,

where/ is theeffectivescreening lengthl/g > 0 for attraction and/g < O for repulsion. The particle trajectories during
collision are ballistic, i.e., any types of multiple collisions are neglected. The problem is equivalent to the scattering
of a single particle of reduced mags= mim2/(m1 + my), in the central fieldJ (r) (whose centre is at the centre
of masses of the colliding particles). The analysis of motion in the central field was given in Section 3.1.1 and below
we employ the results of this analysis. First, we study the case of point-like particles. The role of the finite grain size
will be addressed later.

The momentum transfer (scattering) cross sectionin this approximation is given by the integral overimpact parameter

Os = 2n/0 [1 - cosy(p)lpdp , (36)

wherey is the deflection (scattering) angle. The latter depends on the impact parameter in the followingoway,

Im = 2¢(p)|, whereg(p) = p [, drr=?[1 — Uesi (r, 1~ Y2 andUett (r, p) = p2/r2 + 2U (r) /uv? is the normalized
effective potential energy. The distance of closest appraah), in the integral above is the largest root of the equation
Ueri (r. p) = 1.

The scattering parametet(v) = |Up|/uv?2, introduced in Section 3.1.1 is the ratio of the Coulomb radRis=
|Uol|/uv?, to the effective screening lengthlt characterizes the “coupling” between colliding particles: the coupling is
weak when the characteristic distance of interacigrn~ Rc, introduced throughlU (Ro)| = %uvz, is shorter than the
screening length, i.e., whei{v) < 1. In the opposite limitf(v) > 1, whenRp > 4, the coupling is strong. In addition,
the normalized momentum transfer cross sectign}?, depends only off [57,177,178] which makeg(v) aunique
parametemvhich describes momentum exchange for Yukawa interactions.

Note that the theory of Coulomb scattering, which assumes an unscreened (Coulomb) potential and a cutoff a
Pmax= 4 In integral (36), is widely used to describe momentum exchange in collisions between charged particles (e.g.,
electron—ion collisions in plasmas). It holds fBe ~ Ro< 4 or <1, i.e., in the limit of weak coupling. However,
for p>1 the theory of Coulomb scattering is not applicable: in this case the interaction Rarigdarger than the
screening length and a considerable fraction of the interaction occurs outside the Debye sphere providing substanti
contribution to the momentum transfer. The use of a cutoff,af, = 4 considerably underestimates the momentum
transfer in this casgr4].

Now let us estimate the characteristic values of the scattering parameter for different types of collisions involving
dust grains. Taking into account thdfo| ~ |Z|e? for grain—electron and grain—ion collisions, afigh| ~ Z2?
for grain—grain collisions we get the following hierarchy of characteristic scattering parameteéssaifi}-electron
collisions, 3¢ ~ z(a/7) ~0.01-Q3; (ii) Grain—ion collisions, % ~ zt(a//) ~ 1-30;Grain—graincollisions, ¢ ~
za(a/l) ~ 10°=3 x 10%, wherezy = Z2¢2/aT 4 = z|Z|(T,/ T,) is the normalized potential energy of two dust grains
which are just touching. We also assumed- 1, 7~ 10?, a/A~ 0.01-Q3, |Z| ~ 10°, andzy = z|Z|t = 1C° (for
T, =T;), which is typical for complex plasmas. These estimates show that the coupling is weak only for grain—electron
collisions. At the same time, coupling for grain—ion and grain—grain collisions is usually strong, and the theory of
Coulomb scattering fails to describe such collisions. In connection with grain—ion collisions, this issue was recently
discussed in detail in Reff57,74,177,179-181]

The numerical calculation of the momentum transfer cross sections for a wide rafigé. bt < 10%) for both
attractive and repulsive Yukawa potential was recently repd&8[ First, the dependence of the scattering angle on
the impact parametey(p), was obtained. Then, Eq. (36) was numerically integrated yielding the momentum transfer
cross sections. The obtained results are presentéidén 16and17.

The scattering anglg(p) decreases monotonically for repulsive interactions forsalln contrast, for attractive
interactions a monotone decrease of the scattering angle is observed ghty fowhilst for 1< 5 < 8, it becomes a
nonmonotone function gf, and atf > ., ~ 13.2 the scattering angle diverges at the “transitional” impact parameter
P, = Alnp+1— %In_lﬂ), see Eq. (8). The divergence of the scattering angle for attractive interactions arises from the
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Fig. 16. Scattering anglg versus the normalized impact parameigi,, where/ is the effective screening length. The numerical calculations for
a repulsive (a) and attractive (b) Yukawa interaction potential are plotted for three different scattering parfmededs3 and 30. The vertical
dotted line ajp ~ 4.24 in (b) indicates the transitional impact parameigrat whichy diverges.

barrier in the effective potentidles. Note also that whefi < 1 the trajectories are mainly deflected within the plasma
screening length (gi/1 < 1). In the opposite casg> 1 the scattering angle can be substantial evempfor., both
for repulsive and attractive interaction. (This is another demonstration of the fact that the Coulomb scattering theory i
inapplicable forp = 1, as discussed above.)

The results obtained for the momentum transfer cross sectionl(Bighow the following features: the cross section
for the attractive potential is always larger than that for the repulsive potential (they converge in the limit of weak
coupling s <1). The cross section for the repulsive potential grows monotonically, while for the attractive potential a
local maximum and minimum appear ngee ... This nonmonotonic behaviour is a consequence of the bifurcation
which the scattering anglgp) experiences in the rangeslp < f,. It is also evident fronfig. 17that the Coulomb
scattering theory (shown by the dotted line) considerably underestimates the cross section for both repulsion ar
attraction wherf = 1.

Now let us consider different limiting cases when an analytical description for the momentum transfer cross sectiol
is possible.

Repulsive potentialn the limit of weak coupling the Coulomb scattering theory is applicable as discussed above.
The well known expression for tHéoulombscattering cross section

oS /mi2 =2p%In(1 4 1/4%) (37)
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Fig. 17. Momentum transfer cross sectier, normalized ton A2 (where is the effective screening length), versus the scattering paraifieter

The upper data are for attractive and the bottom data are for repulsive Yukawa potentials. Crosses correspond to the numerical results by Khrap:
et al.[63], (blue) triangles are numerical results by Lane and Evefti&g], and circles are numerical results by Hahn e{E81]. Solid curves
correspond to the following analytical expressions:Hq. (39); 2- Eq. (40); 3- Eq. (38). The dotted line corresponds to the Coulomb scattering
theory [Eq. (37)]. All the results are for point-like particles.

is shown by the dotted line iRig. 17. For f 2 1 Eq. (37) is no longer applicable, however, an asymptotic analytical
approximation for the cagg> 1 can be obtained as follows. The relevant characteristic of the steepness of the potential
is the parametery = |d InU (r)/d Inr|.=g,. The casey > 1 corresponds to a rapidly decreasing steep potential so that
the momentum is mostly transferred in a spherical “shell” of radigisand thickness-Ro/y,. Hence, the scattering
resembles that of a hard sphere potentl®2,183]and with increasing, the momentum transfer cross section
tends to

aiS/m% ~ (Ro/7)?% . (38)

For the Yukawa potential, = 1 + Ro/4> 1, providedfi> 1. A rapidly converging analytical solution fato(f) is
Ro//. ~In2f —1In In2f [63].

Attractive potential For weak coupling f<1) the theory of Coulomb scattering is applicable. The momentum
transfer cross section is the same as for the repulsive potential and is given by Eq. (37). It wa§7zhbwg]that
even for moderatg the extension of the standard Coulomb scattering theory is possible by taking into account all
the trajectories with a distance of closest approach shorterith@ine definition of the maximum impact parameter
(cutoff) then becomegy(pay) = 4 instead ofp,,4x = 4 and leads to a modification of the Coulomb logarithm. The
modified Coulomimomentum transfer cross section is

M€ /mi? ~ 42 In(L+ 1/p) . (39)

Although the approach df74,179]is not rigorous, Eqg. (39) shows very good agreement with numerical results
[63,181,184up tof ~ 5 (seeFig. 17) and agrees exactly, of course, with Coulomb scattering theory &t.

The case of strong coupling & 1) requires a new physical approach. Such an approach was formulated[isimRef.
The existence of the potential barrierlis at 5 > ., and the discontinuity iry(p) it causes, play a crucial role for
the analysis of collisions. As shown kig. 16the dependence of the scattering angle on the impact parameter in the
limit of strong coupling § = 30) has the following features: for “closep & p,.) collisions we havey — matp — 0,
andy(p) grows monotonically untip = p,, where it diverges; for “distant” collisiong & p, ) the scattering angle
decreases rapidly, due to the exponential screening of the interaction potential.
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It is convenient to consider the contributions from close and distant collisions into the momentum transfer separately
As shown in Ref[57] the behaviour ofy as a function of the normalized impact parameigp, is practically
independenof 5 for p < p,.. This self-similarity allows us to present this contribution to the cross section (normalized
to niz) as~ &i(p*/}v)z, whereo/ = Zfol[l — cosy()]EdE andé = p/p,.. The numerical factar/ can be determined
by direct numerical integration. It was found thet = 0.81 &+ 0.01 for all § in the rangef, < <500 [57]. For
distant collisions the scattering angle decreases rapidly in the vicinjty.dthis makes it possible to apply the small
angle approximation to estimate their contribution to the cross section (normalizét)tas~ 2.0 + 4.0 In~1 [57].
Combining these contributions and keeping terms up ), we can write the momentum transfer cross section in
the limit of strong couplingas

0%/ mi? ~ 0.81(p,/1)? + 2.0, (40)

where(p,//)? ~ In?f + 2In . Expression (40) is valid fof > fi, and point-like particlesFig. 17 shows the very
good agreement between Eq. (40) and numerical calculations. A sufficiently accurate and even simpler approximatic
is agc i npﬁ, which can be further justified when the finite size of the dust grain is taken into account.

Concluding this section we briefly discuss the role of finite particle size. In this case a new lengthscale enters th
problem. In contrast to the case of point-like particles, where the scattering is described by the single pAraveeter
now have a second parametety. If the distance of the closest approagjjs smaller tham (or 2a for particle—particle
collisions), then the direct (touching) collision takes place. In this case we will assume absorption for grain—electror
and grain—ion collision, and specular reflection for grain—grains collisions.

A detailed discussion of the effect of finite grain size on the momentum transfer is given if68ett is shown
that for the repulsive interaction (grain—electron and grain—grain collisions) the effect of finite size considerably affect
the momentum transfer only when coupling is very weak,

p<(a/iyAY? (41)

whereA =~ In(1/f) > 1 is the Coulomb logarithm. Recalling thé§* ~ z(a/2) and % ~ z4(a/’) and sincer ~ 1,

zq > 1 we conclude that the effect of finite size can usually be neglected for grain—electron and grain—grain collisions
The effect of finite size is more important for attractive (grain—ion) interactions. For example, for sufficiently large

$ the maximum impact parameter corresponding to ion collectigif is= p,, as follows from Eq. (6). At the same

time the contribution to the momentum transfer from ions with p, vanishes at largg. Hence in this case the

momentum transfer is associated mostly with ions collected by the particle and the total momentum transfer cros

sectionox (sum of the contributions due to scattering and due to absorption) tem;t&f.t(b-lowever, this does not

imply much difference compared to the case of point-like particles, because scattering with large gngles and

absorption (which formally corresponds to the scattering/a) produce comparable effects. The dependendcg)

for an attractive Yukawa potential is shown kig. 18for different values of:/1. One can see that the momentum

transfer can decrease or increase (in comparison with point-like particles), depending on the valuesnof5. At

the same time, the momentum transfer cross section is not very sensitive to the particle size—the deviatigfofrom

a point-like particle does not exceed0%.

6.2. Momentum exchange rates

Let us consider gestparticle (dust grain) moving through a gasfiglld particles (electrons, ions, or dust grains)
having an isotropic Maxwellian velocity distribution function. The test particle velagjtis assumed to be smaller
than the field particle thermal velocity,. Introducing the momentum exchange rajg through diy/dr = —vgyug
we get[63]

1 /2n, ©
Vo = 3\ [ £ abdo / 0205 (v) eXp(—vZ/ZU% ydv ,
T 0 *

mdv?

o

wheress(v) is the corresponding total momentum transfer cross section (function of the relative velogjtig) the
reduced mass, and= ¢, i, d. Some results following from this expression are given below.
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Fig. 18. The total momentum transfer cross secgnnormalized tor2 (where/ is the effective screening length), versus the scattering parameter
p for the attractive Yukawa potential. The numerical results for different valueg/oére shown to illustrate the role of finite particle radéius

6.2.1. Grain—electron collisions
For grain—electron interactions usuaﬂgte <1 and the standard Coulomb scattering approach is applicable. This
yields

Vde = (2/21/3) (me/ma)n vz, a®z? Age (42)

wheren,, m,, andvy, are the density, mass, and thermal velocity of electrons, and
oo o
Ade= z/ e FiIn[l+ 4()v/a)2x2] dx — 2z/ e “In(2x — 1)dx ,
0 1

is the Coulomb logarithm for grain—electron collisions integrated over the Maxwellian distritju86h In the typical
case(2/z)(A/a) > 1 we obtaindge >~ 2In[(2/z)(1/a)] with logarithmic accuracy.

6.2.2. Grain-ion collisions
For grain—ion interactioﬁ‘;’ often exceeds unity and then the Coulomb scattering approach is not applicable. In the
caseﬁ‘%’ <5, Eg. (39) can be used. This yields

vai = (2v/21/3)(m; [ ma)n;vr,a’z?* Agi (43)

wheren;, m;, andvy; are the density, mass, and thermal velocity of ions, and
o0
Adi 2z/ e In[1 + 2t 1 (A/a)x] dx (44)
0

is themodifiedCoulomb logarithm for grain—ion scatterifigd,179]integrated over the Maxwellian distribution [in
Eq. (44) we took into account that>1]. In the limit of smallﬁ‘%" or (1/z7)(A/a) > 1 the result reduces to that of
the Coulomb scattering theory and we hatig ~ 21In[(2/z7)(4/a)]. In the opposite limit of very large scattering
parametersﬁ‘%" > B ~ 13.2, the total momentum transfer cross section is to good accuracy mp2, where
p,. ~ AlIn p¥. This yields

vai = (8v/21/3)(m; /ma)nivr, p> . (45)
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6.2.3. Grain—grain collisions
For grain—grain interactions the standard Coulomb scattering approach can be employed only for extremely sma
grain charges and/or extremely high grain energies, Scﬁ&“ai: zq4(a/2) < 1. In this situation we have

vad = (4v/21/3)nqvr,a®z5 Ada | (46)

wheren,, andvr, are the density, and thermal velocity of the dust grains, and
oo o
Agd = 24 / e %¥ In[1+4 (4/a)’x?]dx — 2z4 / e ¥ In2x — 1)dx ,
0 1

is the Coulomb logarithm for the grain—grain collisions integrated over the Maxwellian distributidyizf) (1/a) > 1,

the Coulomb scattering approach is applicable and we Hagye- 2 In[(1/z4) (4/a)] with logarithmic accuracy. In the
regimeﬁ’%" > 1, which is more typical for complex plasmas, the analogy with hard sphere collisions can be used. The
result is[63]

Vdd = (4@/3)71,111@ R(Z) . 47

The obtained results for the momentum exchange in grain—grain collisions will be used below to investigate the possibl
states of complex plasmas.

6.3. Momentum exchange diagram

The grain charges in complex plasmas, as well as the plasma screening length are not constant. This is why tl
strength of the electrostatic coupling between the grains can be easily changed experimentally over a fairly wide ranc
(by varying, e.g., the discharge conditidti86]). This is a major distinguishing feature of complex plasmas compared
to usual plasmas, where the ion charges are normally constant (single). In complex plasmas, one can observe 1
transitions from the disordered, weakly coupled to strongly coupled states and the formation of ordered structures
grains—plasma crystal8,11-14,26,104,180,186—-192]

Another major distinguishing feature of complex plasmas is that the overall dynamical time scales associated witl
the dust component are relatively long (dust plasma frequerll§-100 Hz)[3,76,104] Furthermore, the grains
themselves are large enough to be easily visualized individually. All together this makes it possible to investigate
phenomena occurring in different phases at the most fundamental kinetifll@0e186,191]Although there is always
some damping introduced into the complex plasma systems due to neutral gas [li@dgrihe resulting damping
rate is many orders of magnitude smaller than that in colloidal suspensions, and it can easily be made much small
than the major eigenfrequencies of the dust dynamics. Hence the most interesting dynamical phenomena have usu:e
enough time to evolvfl 91].

Let us dwell upon these features of complex plasmas in detail.

Fig. 19represents different “phase states” of complex plasmas as functions of the electrostatic coupling paramete
I's and the mean grain separatidn normalized either to the grain sizeor to the screening length (“finiteness
parameterk=4/a and “lattice parameter= A4/ 4, respectively). The parametBg=1I" exp(—«) , which characterizes
the “actual” coupling ratio (potential energy/kinetic energy) at the average intergrain distance, is expressed in term
of the (Coulomb) coupling scalE = ¢2Z2/ AT, (note that in terms of  and« the thermal scattering parameter is

‘%d = 2I'k). The use ofl's implies that the calculations should be representative to some extent for other types of
“similar” interaction potentials, too (viz., with “similar” long- and short-range asymptotes). The verticat kné
conditionally divides the diagram into weakly screened (Coulomb) and strongly screened (Yukawa) pagts.9ave
have setl/a = a/k = 100, which is typical of complex plasmas studied so far, but there is in principle a wide range of
variation, depending on grain size and plasma conditions chosen. The “melting line” which indicates the liquid—solid
phase transition and is shown by the upper solid lingign 19is discussed in Section 10.

Further insight into the possible phase states showiginl9are obtained from our above results on the momentum
transfer cross section for grain—grain collisions. This approach allows us to obtain a clear physical classification o
complex plasmas. The lower solid line indicates the “transition” between “ideal” and “nonideal” plasmas. We determine
this transition from the conditioyo s /= (4n/3)_1/3A, which implies that the characteristic range of grain interaction
(in terms of the momentum exchange) is comparable to the intergrain distance (in terms of the Wigner—Seitz radius
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Fig. 19. “Momentum exchange” diagram of complex plasmadig, x) parameter space. The vertical dashed line at1 conditionally divides

the system into “Coulomb” and “Yukawa” parts. Different states are marked in the figure. Regions | (V) represent Coulomb (Yukawa) crystals;
Regions Il (VI) are for Coulomb (Yukawa) nonideal plasmas; Regions IIl (VII and VIII) correspond to Coulomb (Yukawa) ideal plasmas; note that
in region VIl the pair Yukawa interaction asymptotically reduces to the hard sphere limit, forming a “Yukawa granular medium”; In region IV the
electrostatic interaction is not important and the system is like a usual granular medium. For further explanations see text.

Above this line the interaction is essentially multiparticle, whereas below the line only pair collisions are important.
This refines the standard condition used to define a “boundary” between ideal and nonideal plasmads,From

the thermodynamical point of view, this line determines the limit of employing expansions of the thermodynamical
functions (e.g., virial expansion) over the (small) coupling parameter.

It is important to note that for a Yukawa potential (as well as for any monotonic interaction potential) no liquid—gas
phase transition is possible (formally, the critical point occur§at 0). This is different, if the pair potential is
not monotonic, e.g., a long range attractive component added to a repulsive electrostatic potential exists, as has be
suggested by several authors (see e.g., R&f46,180]. So far, however, there are no reliable experiments reporting
on the observation of, e.g., the coexistence of liquid and gaseous phases, or other indications of a first order pha:s
transition in gaseous complex plasmas.

The regions where the system is similar to a granular medium are also shBign11® below the lower dotted curve
the electrostatic interaction is too weak and the momentum exchange occurs due to direct grain collisions, i.e., we hav
a usual granular medium where charges do not play any noticeable role. This line correspﬁiﬁd& (@z/i)/l;dl/z
[see Eq. (41)]. The upper dotted curve marks the transition boundary for a very interesting state, which we have callec
“Yukawa granular medium”. Here the “mean” scattering parameter for grain—grain collisions exceedﬁfﬁm{)&o
and, hence, the strongly screened electrostatic interaction reduces asymptotically to the hard sphere limit with radiu
Ro ~ 2In(2p44).

Next, we investigate complex plasma properties in terms of the competition between the momentum exchange i
mutual grain—grain collisions and the interaction with the surrounding medium.

Complex plasmas can be “engineered” as essentially a “one-phase fluid” (when the interactions between the grain
dominate), or as a “particle laden two-phase flow” (when the interactions with the background medium are of similar or
greaterimportance). We have illustrated this by plotting contours of constant ratios of the grain—grain/grain—backgrounc
momentum exchange rategg/van, in the (C's,x) diagram inFig. 20

In complex plasmas the exchange of momentum with the background medium is mostly through grain—neutral ga:
collisions,

van = 0(8v/21/3)(m,, /mg)a’n,vr, (48)



40 V.E. Fortov et al. / Physics Reports 421 (2005)1D3

CRYSTAL

IDEAL PLASMA \

Al . Ll

0.1 1 10
K=A/

Fig. 20. Typical contours are shown of constant ratios of the momentum exchange rates in grain—grain collisions relative to grain-backgund (neutr
gas) collisions. The valuegq/vgn = 102,10, 1,101, and 10°2 are depicted in a phase diagram for complex plasmaEdp«) parameter space

(from left to right). Also shown in the figure are the lines corresponding to crystal melting (solid line) and the boundary between ideal and nonideal
plasmas (dashed line). For the calculations we use the following parameters: Grains ofiradlysn and material mass density of 1 gRim

argon plasma at neutral gas pressure 100 Pa; room temperature ions and figutrals~ 0.03eV, andz /1 = 1072,

wherem,, n,, andvr, are the mass, density, and thermal velocity of neutrals, respecfih@d}. The value of the
numerical factow depends on the exact process of neutral scattering from the particle surface. For examfle,
for the cases of complete absorption and specular reflection, whilst + 7/8 ~ 1.4 for diffuse scattering with full
accommodation. We choose the later value which is more consistent with recent experimentdlLi@&jults

For the momentum exchange rate in grain—grain collisions we use Eq. (Ai’,'?ﬁatl (upper symbols in the figure)
and Eq. (46) aﬁ”}d <1 (lower symbols). In the transition regimﬁéd ~ 1 none of these approximations is applicable
and we have therefore simply linked the two regimes by dotted lines.

Fig. 20shows that there is a broad range of parameters where complex plasmas have the properties of one-phe
fluids (vgq/vdan > 1), and those of two-phase fluidg/vgn ~ 1. Inthe extreme limit of very smaillq/vgn we can also, of
course, have “tracer particles” in the background medium, which provide practically no disturbance to the backgroun
flow. Taking into account that a number of plasma parameters (e.g., the neutral gas pressure, plasma screening leng
the ratioa /1) can be varied relatively easily within approximately one order of magnitude, most of the possible states
can be investigated.

In concluding this section we note that not all of the assumptions employed to simplify the calculations are necessaril
satisfied in real complex plasmas. A few examples are: deviation of grain potential from the Yukawa, ic¥67180]
dependence of the grain charge on intergrain dist§h66], destruction of ballistic trajectories by collisions with
neutrals[195], etc. Nevertheless, in many cases this simple model does provide reasonable predictions and hence
can be considered as the basis for more sophisticated models. The obtained results can be important for “engineerir
experiments which aim to make use of special properties of complex plasmas.

7. Forces on particles in complex plasmas

Knowledge of the major forces acting on microparticles in complex plasmas is essential for understanding dynami
phenomena and equilibrium configurations of complex plasmas observed in experiments. The forces can be natura
divided into two groups: the first one includes the forces which have electric nature—electron drag, ion drag, anc
electrostatic forces, whereas the second one includes the charge-independent forces—gravity, neutral drag, and tf
mophoretic forces. The calculation of the ion drag force is rather complicated in some cases. At the same time, thi
force is of particular importance in complex plasmas and therefore it is a subject of a separate section.
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7.1. lon drag force

The ion drag force—the momentum transfer from the flowing ions to charged microparticles (grains) embedded into &
plasma—is inevitable and exceptionally important factor in dusty (complex) plasmas. lon flows are usually induced due
to “global” large-scale electric fields that always exist in plasmas (e.g., ambipolar or sheath fields in plasma discharges’
Knowledge of the ion drag force as a function of the plasma parameters (which may vary over a quite broad range) i
necessary for understanding phenomena occurring in laboratory and space environment. The very fact that the ion dre
force can be important in dusty plasmas was ascertained even before the active laboratory investigation of dusty plasm:
started[196,197] Presently, it is considered to be established that ion drag affects (or even determines) location and
configuration of the dust structures in laboratory plasma faciliigsl98,199] is responsible for the rotation of dust
structures (e.g., clusters) in the presence of a magnetid#et3-202] affects the properties of low-frequency waves
in dusty plasma§03-205] causes the formation of a void in the central part of rf discharges in experiments under
microgravity condition§20,23,180] determines diffusion and mobility of dust particles in strongly ionized plasmas
[206,207] etc.

The traditional way to derive the ion drag force on the test charged particle is based on the “binary collision approach”.
The force is determined by the momentum exchange rate in the dust—ion collisions, averaged over given velocity
distribution of ions (see Section 6.2). Initially, the binary collision approach was applied by Uglov and Gng@élbyets
to calculate the ion drag in the “Coulomb scattering” limit—basically, this is the linear approximation assuming the
ion scattering with small angles within the Debye sphere. A simplified treatment of this problem was given by Barnes
et al.[198]. Recently, the approach was extended by Khrapak §al74,177,1791o calculate the force in the case
of large angle scattering.

An alternative way to calculate the ion drag force is the kinetic approach based on the so-called “linear dielectric
response formalism” (e.g208,209). Instead of calculating single ion trajectories and then integrating the resulting
momentum transfer, one can solve the Poisson equation coupled to the kinetic equation for ions and obtain the sel
consistent electrostatic potential around the particle. The polarization electric field at the origin of the test charge gives
us the force on the particle. Recently, Ivlev ef485,210,211hpplied this formalism for calculating the ion drag force
for arbitrary velocity of the ion flow and arbitrary frequency of the ion—neutral collisions.

In this section we present the results of both approaches and discuss unresolved issues.

7.1.1. Binary collision approach

In the framework of this approach, the ion drag fof¢gis completely determined by the (velocity-dependent) total
momentum transfer cross section for the dust—ion collisiepswhich was introduced in Section 6.1. The force is
Fig=mgvgiu, whereuis the ion flow velocity andg; is the momentum exchange rate (the latter is given by averaging over
the ion velocity distribution). The force depends on the magnitude of the thermal scattering pargmet€i,Z| /AT;,
where is the effective screening length (which does not necessarily coincide with the Debye screening length, see
Sections 4.1 and 7.1.3).

For subthermal flows (when thteermalMach number is smallMr = u;/vr, <1), we directly employ results of
Section 6.2.2: at moderafy <5, Eq. (43) yields

] 2
Fa = ;\/E (T) ARMy (49)

whereA(f;) ~ f0°° e*In(l+ 2x/fr)dx = —eﬁT/in(—[fT/Z) is the modified Coulomb logarithm integrated over
the Maxwellian distribution function. Here we also assuine Ap; (see Section 7.1.3). Eq. (49) yields the scaling
Fg « (Z/2)2. In the linear regimgg, <1 the logarithm is reduced td ~ In [3;1, which is identical to the results of
the Coulomb scattering theory. In the opposite regime of strongly nonlinear scatfgring., >~ 13, we obtain from
Eq. (45)

2 [2/(T:

2
Fia ~ 3 n(g) In?f; My . (50)
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In this case the force depends logarithmically on the scattering parameter and, hehaadanNote that forM; <1
the effective screening length is determined by ions, since the electron temperature is typically two orders of magnituc
higher than the ion (neutral) temperature.

For superthermal ion flows withf > 1, the drift velocity rather than the thermal velocity should be used to evaluate
the scattering parametgr Also, the screening is determined by the electrons rather than by ions in thid casg,
(see Section 7.1.3). Therefore, we conclude from Eq. (7) that the scattering parameter decreases rapidly with the Ma
number, and we can expect the linear scattering (weak coupﬂiﬂng/M% < 1) to be typical forMy > 1. Then the
momentum transfer cross section is given by Eq. (37) and after the integration over the shifted Maxwellian distributior
the force is

Ti 2 y) . M2 2
Fig ~ (—) In(22=L B—Tz . (1)
e /oi Pr | Mz

(Application of the binary collision approach implies that the ion mean free path should nevertheless exceed the electrc
screening lengthip.). The ion drag decreases e‘sM;2 at large Mach numbers (neglecting a weak logarithmic
dependence). For sufficiently high flow velocities the momentum flux onto the grain (collection) dominates over the
scattering part and then the force tends to the “geometrical asympigie, (Ti/e)z(a/Z/lDi)ZMz, which does not
depend on the grain char§12].

7.1.2. Kinetic approach

The binary collision approach is intrinsically inconsistent. There are the following reasons for that: (i) While the
ion interacts with the charged particle, the interactions with other species (in particular— the ion—neutral collisions)
areneglected(ii) The approactpresumesertain potential distribution around the test charge, although the potential
is a self-consistent function of the plasma environment (e.g., ion flow velocity). (iii) The apppoastimesertain
distribution function for ions (usually, the shifted Maxwellian distribution). All these issues can be successfully resolved
by employing theself-consistenkinetic approach.

Calculation of the ion drag force is based on the linear dielectric response formalism: the self-consistent distributior
of the electrostatic potential around a grain of chagés given by Eq. (35). Being embedded into a flowing plasma,
the grain induces the plasma polarization. The magnitude of the polarization field at the charge-efigiletermines
the force acting on the grain due to flowing ioRgi = —eZV ¢|;—0 [195,213] Of course, the ion drag acts on the grain
together with the usual electrostatic force due to the global filds- eZE. The ion drag force is obviously parallel
to the flow and can be written §10,211]

Fg=— (52)

ie272 /kmax dk [k kHdkH
T 0

k J 4 €0k

The linear kinetic approach is not valid in the immediate vicinity of the charged particle, where the electrostatic
perturbations are too strong. The size of this vicinity is equal by the order of magnitude to the ion Coulomb radius
Rc~ Ry (1+ M%)_l, which defines the upper limit of integratidtmax ~ R 1. The criterium of applicability of Eq.

(52) is the relative smallness of thetualcontribution to the force from the “nonlinear” regior< R (this is discussed
below). Sinceimax enters the final formula logarithmically (and the argument of the logarithm is assumed to be large),
one can use the obtained order-of-magnitude estimate for the calculationEl@213).

The plasma permittivity (o, k) =1+ y, + y; is determined by the electron and ion responses. For electrons the
Boltzmann form is assumeg, ~ (kApe) 2, and the ion contribution is obtained from the solution of the linearized
kinetic equation coupled to the Poisson equation. In order to include the ion—neutral collisions, it was proposec
[99,210,211}to write the ion collision integral, S, in the model Bhatnagar—Gross—Krook (BGK) fofi7,214]

Stf; = vin(ni® — f;), whered(v) = (2mv2 )~ exp(—v?/2v% ) is the (isotropic) Maxwellian velocity distribution

of neutrals normalized to unity;; = | f; dv is the ion density, andli, is the ion—neutral collision frequency. The
functional fornof the BGK collision integral is particularly suitable for the description of the charge-exchange collisions
[210,211] Generally, the ion—neutral collision cross section is a complicated (monotonically decreasing) function of
the ion velocity which cannot be generally approximated by any simple sd&8®&8g15] It is reasonable, therefore,

to choose the approximatior,= const which allows us to represent the model collision operator in the convenient
algebraic form.
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The kinetic equation with the BGK collision integral yields the following solution for the steady-state ion distribution
function in the electric fieldE [99,210,211]

fiv,v) =nioPi(vy) /o Dy (v — u;x)e “dx . (53)

Hered, :(Zm)%l)*l/2 exp(—vﬁ/ZU%n) andd, = (2mv? )~ texp(—v? /2vZ ), are the longitudinal and transverse factors

of the neutral velocity distribution, respectively, so tihet= ¢ P |, andu; =e¢E /m;vin is the velocity of the ion driftin

the mobility limit. Whenu; — 0 we havef; — n;o®, wheren;g is the ambient (constant) ion density. For subthermal
ion drift, distribution (53) is close to the shifted Maxwellian functiofy, >~ n;o®(v)(1 + u,'vH/v%n). However, for

u; > vr, the deviation from the Maxwellian form is significant. Using Eq. (53) one can derive the self-consistent ion
response in a collisional plasma with electric fif98,210,211]

(kipi) 2 1+ (F(&)
1i(@: ) = 7= -leZ M if‘in 0‘2 : : (54)
+1(kyvin/ kv, )Mr | 1+ m/(él)
where the variable$; , are
: (@ + ivin) /v 2kvT, : (o — kyvr, Mrx + ivin) /~/2kvr,
1= s 2= ’
\/1+i(k‘|Vin/k2UTn)MT \/1+i(k‘|Vin/k2UTn)MT

7 (&) is the dispersion function of tHdaxwellianplasmg216], and the average is..) = f0°° ... e ¥ dx. Without the
field (i.e., My = 0), Eq. (54) reduces to the well-known expression for the Maxwellian plasma (se¢147); the
variables; ; tend to = (w + ivin)/«/ﬁvan and, correspondingly,7 (&5)) — Z (&).

Substituting plasma permittivity with the ion response (54) in Eq. (52), one can numerically calculate the ion drag
force for arbitrary collision frequency (mean free path) and Mach number (electric field), using the tabulated values of
F (&). Inthe limiting cases of small and large Mach numbers the analytic expressions can be obtaiMedFbthe
force is[195,210,211]

1 [2/T\?T _ 1
Fg =~ 5\/; (;) [lnﬁTl 5 (A’D/m] B2 My +O(M3) (55)

where

A (x) = x arctanx + \/E—l L—\/gln(lerz)
o 2 1+ x? 2

is the “collision function”,¢; = vz, /vin is the ion mean free path, ang ~ ().Biz + )662) is the linearized Debye
length. For¢; > Ap the function#” is negligibly small compared to the Coulomb logarithm and Eq. (55) yields the
standard collisionless expression for the ion drag force [Eq. (49),fez 1] derived from the binary collision approach
[74,198] In terms of the ion kinetics, the origin of this force is the Landau damping. In the opposité ligitp the

hydrodynamic effects become more important, and the expression in the brackets in Eq. (55) change,%;ﬁldm In

~1/2

In[(zi/)uD)ﬁ;l] +\/§(1D/£,~). If collisions become “very frequent?; < i Ap, the kinetic effects disappear completely

and the force can be derived from the fluid dynamics approach, resultifig to %(Ti/e)z(/lo/éi)ﬁ%MT.
The conventional susceptibility is no longer applicable for ions at large Mach numbers, so that Eq. (54) should be
used instead. Eq. (52) yields the force My >1[210,211]

2(T:\? 6 Mr\ f5 2
Fa~.=(=) In(42+=—) =L M%) .
: \/;<€> ”(xDﬁT>MT+O( 2 (56)
Fig. 21shows the ion drag force normalizedﬁt%)(T,»/e)2 versus the Mach number for different valuegefandip /¢;.

One can see that analytic asymptotes agree fairly well with the numerical results—depending on the igfdg of
the discrepancy ix10 % atMr <0.2 — 0.3 [Eq. (55)] andM7 > 10— 20 [Eq. (56)].
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Fig. 21. Normalized ion drag force versus the thermal Mach number of the ionMipf211]. The force depends on two parameters: scattering
parametefi; = Ry //p, and ratio of the screening length to the thermal mean free pyajtt, . The data points are obtained by numerical integration

of Eq. (52) with the ion susceptibility from Eq. (54), fﬁgl =10 (a) andﬁ;l =100 (b). Symbols represeip/¢; = 0.1 (square)/p/¢; =1

(circle), andip/¢; = 10 (triangle). Analytic asymptotes at small and large Mach numbers [Egs. (55) and (56), respectively] correspond to the same
values of/p/¢; (solid, dashed, and dotted lines, respectively).

At large My the kinetic approach yields the force which scale#igsx M;l, in contrast to the scaling M;z in
the binary collision approach [see Eq. (51)]. This is because the ion distribution (53) deviates significantly from the
Maxwellian form in the superthermal regime. The scalffyg o MT‘1 is not affected by a particular dependence;pf
on the ion velocity and, hence, it is a generic feature of the self-consistent approach at large Mach numbers. Anoth
feature which follows from the kinetic consideration is the dependence of the force on the ion mean fré&égpath.
21 shows that frequent ion—neutral collisiorfs € /p) enhance the force at smally. This is due to the ion focusing
[195]: each collision “eliminates” the angular momentum the ion had (with respect to the particle) before the collision.
Therefore, the motion of the flowing ions becomes more “radial” due to the attraction towards the charged particle—th
“focusing centre” downstream moves closer to the particle. This additional focusing implies the local increase of the ior
density and, hence, increase of the polarization (force). This mechanism, however, can operate only if the field of th
charged particle is stronger than the global fiel®@therwise, ifE is relatively strong (Mach number is large), it should
de-focus the ion trajectories: after each collision, the ions should accelerate mostifealangease of collisionality
(decrease of;) at constan; o« E¢; implies increase of the global electric field and, hence, stronger de-focusing. In
turn, the latter implies the decrease of the polarization (force) which we $6g.i81

The linear kinetic approach is valid when the arguments of the logarithms in Egs. (55) and (56) are large—this
provides the so-called “logarithmic accuracy” of the res{2tk0,211] For My <1, the applicability of Eq. (55) is
pr <1. In this limit, the collisionless part of Eq. (55) coincides with the results of the binary collision approach
[see Eqg. (49)]. Larger Mach numbers imply better applicability—similar to the results of the binary collision approach
[Eq. (51)], the argument of the logarithm in Eq. (56) grows wifh. Note that at large Mach numbers the ion absorbtion
by the grain can contribute to the force. The absorption can be negledgdal(ip/a) 71?3, which isM7 < 30— 50
for typical parameters of complex plasnj240,211]
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Fig. 22. The effective screening lengtbf the charged grain in the flowing plasma versus the thermal Mach nuvnpéion flow velocity normalized
to the ion thermal velocity) for different electron-to-ion temperature r#id2]. Symbols are numerical calculations, lines are simple analytical fits.

7.1.3. Complementarity of the two approaches

Comparing the results of the linear kinetic approach and the binary collision approach, the most important conclusior
to be drawn is that these approaches are not really competitive but catingtementarybinary collision approach
is more suitable to describe highly nonlinear collisionless cases when both the ion Coulombadiud the mean
free path exceed the screening lenih, 74] This situation is typical for subthermal ion flows, wh&g is relatively
large. Small Mach numbers also imply weak distortion of the potential around the charged particle and weak deviatior
of the ion distribution from the shifted Maxwellian function. Therefore, there is no need to employ the self-consistent
kinetic approach in this case. On the other hand, for superthermal ions (Ré€decreases rapidly with the Mach
number and, hence, the linear theory can be better applied!) both the particle potential and ion distribution function are
highly anisotropic, and then the self-consistent kinetic approach is necessary. Also, in contrast to the binary collision
approach, the kinetic approach allows us to take into account the ion—neutral collisions.

The kinetic approach also allows us to deduce howeffeetivescreening length of the particle potentigldepends on
the ion flow velocity[212]. This is an important issue which was discussed rec¢2ily,218] At My < 1 the potential
distribution around the grain is weakly affected by the flow, so that the screening is determined by the linearized
screening lengthy, ~ (,15? + /1562)‘1/2. At superthermal flows the ion contribution to the screening rapidly vanishes
and the effective screening length tends to asymptote Ap.. Fig. 22 shows that this transition occurs in a fairly
narrow range of velocities arourdd; ~ 1 — 3. The exact analytical form af( M) is rather complicated, but it can be
approximated reasonably well with formula® ~ f(MT)/lgi2 + /1562, where the fitting function i’ = exp(—M%/Z)

(shown inFig. 22 or f = (14 M2)~1 [212].

One should emphasize, however, that often the experimental conditions are such that the linear treatment is nc
possible (e.g., bulk plasmas, when the linear approach can be applied only for submicron particles), but at the sam
time the collisions are important (pressure80 Pa or higher]195,210,211] So far, there have been no approach
proposed to treat this case analytically, and this issue remains the major challenge for the theory of the ion drag.

7.2. Other forces

Similar to the ion drag force, thedectron drag forcarises due to the momentum transfer from the electrons drifting
relative to the charged particles. In the binary collision approximation the electron drag fétge-isn vqett., Where
vge IS given by Eq. (42). Compared to the ion drag force, the effect of the electron drag is usually ignored because
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the electron-to-ion mass ratio is small. This is true when~ u;, e.g., in rf discharges, where electrons and ions
drift together due to the ambipolar diffusion. However, in the casaddpendenfmobility limited) drift (e.g., in the
positive column of a dc discharge) the ratio of the ion-to-electron drag fordadeépendenbf masses and can be
approximately estimated @/ Feq ~ (Te/T;)z(aen/am), whereo, ), is the transport cross section for electron (ion)
collisions with neutral$185]. A detailed investigation shows that the electron drag force can indeed dominate over the
electric and ion drag force in most of noble gases with relatively small electron temper@iuges eV) [185].

In ground-based conditions tlggavitational force Fy = myg usually plays an important role. In order to levitate
the particle, it should be counterbalanced by other forces.eldwtric forcedue to electric field in the (pre)sheath
or striation regions of discharges can provide the balance. The magnitude of the electric fiice Be E, where
E is the electric field strength. A correction @) due to plasma polarization in the vicinity of the dust particle (of
the order ofz/Ap, induced by the external electric field) was derived by Daugherty € £9]. This effect increases
the absolute magnitude of the electric force. The external field induces also a dipole moment on a padtide,
which is pointed along the field. For a dielectric particle, an additional dipole moment can be induced due to anisotrop
in charging[98]. In the nonuniform electric field such a dipole will experience an additional fG‘I’%:E?’(EZ)/. Itis
worth mentioning that the particle charge in the electric field is implicitly dependent on the field magnitude through
e.g., induced plasma and/or charging anisotropy, ion (electron) drift velocities, etc. The problem of trapped ions is als
important issue related to the electric force acting on a particle in plasmas: ions on trapped orbits can shield the partic
from external electric field, leading to a decrease of the electric force.

If a temperature gradient is present in a neutral gas, then the particle experigmees@phoretic forceThe force is
due to asymmetry in the momentum transfer from neutrals and is directed towards lower gas temperatures. In the ca
of full accommodation of neutrals colliding with the particle surf§z®3] the thermophoretic force can be expressed
as[220]

—x, VT, , (57)

wherex, is the thermal conductivity coefficient of gas. For atomic gases: 1.33(vr, /onn), Whereany is the cross
section of neutral-neutral collisiof3]. In this casd  ~ —1.8(a?/onn) V T}, i.€., the thermophoretic force depends
on the particle radius, gas type (through), and temperature gradient, but does not depend on the gas pressure and
temperature. For particles of aboytrh radius and mass densityl g cn3in an argon plasma, the force is comparable
to the force of gravity at temperature gradiefd;,| ~ 10 K cm. The corrections to Eq. (57) for the case when the
dust particle is situated near the electrode or the walls of a discharge chamber, which basically change the numeric
factor in Eq. (57), were derived by Havnes et[@R1]. Experimental investigation of the effect of thermophoretic
force on the behaviour of dust particles in gas discharge plasmas was performed [@FE&f224] In these works, it
was shown that the thermophoretic force can be used for particle levitation in ground-based conditions as well as fc
controlled action on the ordered structures of patrticles.

And finally, theneutral drag forcds the main mechanism responsible for friction when a particle is moving through
a stationary plasma. This is because the ionization fraction is usually quite low, on the ordere1a®. Neutral
drag can be also important when gas is flowing relative to the particles. When the Knudsen Rumbéy/a is large
and the relative velocity between the particle and theugas small compared to the thermal velocity of neutrats
then

Fnd = —mgvdnid , (58)

wherevgn, is the momentum exchange rate given by Eq. (48). The minus sign means that the force acts in the directio
opposite to the relative velocity. For high relative velocitieg % vr,), the neutral drag force is proportional to the
velocity squared (see, for examp[@25]), Frng =~ —nazn,,mnufl. In the opposite limit of small Knudsen numbers

Kn <1 the Stokes expression (see e[B826]) applies,Frng = —6nnauy, wherey is the viscosity of neutral gas. In

most cases Eq. (58) is applicable to calculate the neutral drag force in complex plasmas. It should be noted that tt
expression was originally derived for uncharged particles in a neutral gas, i.e., neglecting the polarization interactior
which is associated with a nonuniform electric field in the vicinity of the dust particle. Nevertheless, this is still a good
approximation because the radius of the polarization interaction is usually much smaller than the particle size.
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8. Dynamics of single particles and particle ensembles
8.1. Single particle dynamics

In most of the ground-based experiments, negatively charged dust particles can only levitate in the regions of
sufficiently strong electric fields, where the electric force and other forces exerted in a plasma (e.g., ion drag) compensat
for gravity (unless the particles are too heavy). This occurs, for example, in the pre-sheath and sheath regions of an
discharge, where the electric field averaged over the oscillation period is directed along gravity force (due to the large
mass, neither the dust particles nor the ions respond to the rffield at frequency 13.56 MHz). This is also true for striation:s
in a dc discharge. The electric fildin these regions rapidly increases downwards. The particle cEargges with
height, both due to the ion acceleration in the electric field Bgel2 and an increase of the ratig/n, > 1 with E.

Usually, the (negative) charge first somewhat decreases and attains a minimum, then it starts increasing and eventua
can even reach positive values. Examples of numerical calculations of the dependence of the particle surface potenti
on the distance from the electrode in collisionless and collisional sheaths of rf and dc discharges can be found in Re
[94] for a set of plasma parameters. If the vertical coordinate (height)0 is assigned to the equilibrium particle
position, then for small displacements around the equilibrium the net force can be expanded into series,

F(h)/mg = —Q2h + oah?® + ooh® + - - (59)

whereQy is the resonance frequency of vertical oscillations and coefficigrtharacterize nonlinearity. The major
contribution to Eq. (59) is often due to the electrostatic fdrge-eZ E, and then the resonance frequency is determined

by mdQ\Z, = —d(eZE)/dh|,—o. It is well known[93,227]that at sufficiently high pressures (e.g., abov0 Pa for

argon) the electric field in the sheath varies almost linearly. At lower pressures, however, the deviations from the lineal
profile can be significant. Therefore, depending on the discharge parameters and the particle mass, the nonlinearity
Eq. (59) is determined either by the sheath field profile or by the charge variations with the[B2igB28]

Due to the relatively large mass of the dust particles, the magnitude of the resonance frégusimy enough—it is
typically in the range 1-100 Hz. Hence, it is convenient to use low-frequency excitations for determining the parameters
of the force (59) which can be then expressed through the plasma and particle parameters. As the simplest example v
refer to a harmonic excitation of particle oscillations. The oscillation amplitide) grows whenw approache$y,.

The amplitude reaches the maximunuat , /Q\Z, — %vén, the width of the resonance peak-+isgn. Hence, changing

w and measuringl (w), one can determin®, andvqn. As the excitation amplitude increases, the oscillations reveal

all features peculiar to an unharmonic oscillator: hysteresis of the frequency response curve, shift of the resonanc
frequency, and secondary resonar|@25,228] Fig. 23shows evolution of the frequency response cuAfgy), with

the amplitude of the sinusoidal excitation voltage applied to the wire below the particle. Knowledge of the resonance
frequency as well as the nonlinear coefficients, recovered from the fitting of the measured curves with the analytica
formulas, allows us to obtain the electric field and/or dust particle charge distributions in a relatively broad region
across the sheath. The measurements can also be compared with the results of the numerical models, which take ir
account the dependencies of particle charge, electric field, and external force amplitude on the vertical coordinate, &
well as the location of an excitation source with respect to the dust particle and force balance in thi2&8¢ath

8.2. Role of charge fluctuations in the particle dynamics

Vertical oscillations of particles in the sheath regions of gas discharges can be caused not only by the application o
an external force, but also can be self-excited due to effects specific to dusty plasmas. For example, a drastic increa
in the amplitude of vertical oscillations was examined experimentally under certain conditions (e.g., with lowering
pressure) in the sheath of rf and dc dischaf@3©—232] In some cases, energy of these oscillations exceeds the
room temperature (which particles would have if only the collisions with neutrals are present) by orders of magnitude.
Different theoretical aspects of the enhanced vertical oscillations were considered ifLB2f£33,137]

The possible energy source for the enhanced vertical oscillations is associated with random variations of the particl
charge[132,133,137] To describe this effect, one should include the random deviation of the particle cHatge,
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Fig. 23. Variation of the amplitude of particle oscillations close to the primary resonance for increasing (a) and decreasing (b) frequentigrof excita
w, and for different amplitude of the sinusoidal excitation voltage: 50 mV (open circles), 100 mV (closed circles), and 200 mV (squares). Solid lines
show the least-squares fit of the points to theory. The vertical dotted line indicates the position of the resonance ffagusriained from the fit.

from its average valueZ, to the equation of particle oscillations in the sheath,
h+ vanh + Q2L+ Z1(t)/ Z1h = g Z,(1) ) Z . (60)

Now the oscillation amplitude is a random function of time. Using the stochastic properties of the charge fluctuations
(see Section 3.5), itcan be easily shown that for typical conditigng Qv < Q¢ the mean energy of vertical oscillations
associated with the random force at the right-hand side of Eq. (60) satur§t82-a134]

(&) = o%|Z|mag?
)~ LS

2vdnch
as it follows from the fluctuation—dissipation theorem. In accordance with Eq. (29), the relative charge dispersion (du
to charge discreteness)d% ~ 1Z|~1. The neutral damping rate scales with gas pressurg,as p, so that the mean
energy decreases &%,) o« p— 1. Note also that, sinc€ch x a, vgn < a1, and|Z| « a, we have(&y) x a? « mﬁ/g,
i.e., the mean energy of oscillations increases with the particle mass. For typical experimental conditions the energy c:
be of the order of a few eV or even higher. In addition to this “heating”, the charge variations can trigger the parametric
instability of the oscillation§137], due to the random variations of the oscillation frequency in Eq. (60). Then the mean
energy grows with time exponentially, provided the friction is low enough,

Van S ‘T% Q\Z//Qch . (61)

Note, however, that if the charge variations are due to the discreteness of plasma charges then the magnitude of
dispersion is fairly small and the instability is only possible at pressures far beloRa.
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Another effect associated with the variability of the particle charge results from the finite charging time. The qualitative
theory of this effect was proposed in REf30] to describe the following experimental evidence, and the quantitative
theory was derived in RefL37]: due to the finite charging time, the charge of the oscillating particle experiences some
delay with respect to its equilibrium local value which is a function of helghthe particle motion is not potential
in this case. For a particle moving downwards (along the electric field) the absolute value of the momentary charge
is smaller than the equilibrium value, and the opposite is for the particle moving upwards. Thus, the work done over
the oscillation period by the electric force is always positive—the particle acquires energy from the electric field. The
oscillations become unstable when the energy gain is higher than the energy dissipation due to friction—the instability
condition practically coincides with Eq. (61).

8.3. Dynamics of ensembles with spatially varying charges

As has been pointed out by Zhakhovskii et[@B3], the very fact that the particle charge depends on the spatial
coordinates immediately implies that the energy of particles in external electric fields is not conserved. This is becaus
the electrostatic force is no longer potentidlx Fej=¢V Z x E and, hence, the work done over a closed path is generally
not equal to zerf473]. (Obviously, the work is zero only when the path is degenerated into a line, i.e., when the motion
is one-dimensional.) The sign of the work depends on the direction of motion along the path, so that when the positive
energy gain over the vortex cycle is balanced by the frictional dissipation one can expect the formation of stationary
flow patters in the particle cloud. Vaulina et f234,235]suggested that this mechanism can be responsible for the
formation of vortices in complex plasmas. The vortex structures are almost ubiquitous in complex plasma experiment:
(seeFig. 3) and usually are observed at the periphery of the particle clouds. Presumably, the discharge parameters ar
hence the grain charge are nonuniform in these regions, which makes charge gradient mechanism favorable for tf
explanation of the vortices.

One should note that, in addition to the electrostatic force, also the ion drag force can be a reason for the vorte
formation in complex plasmas. Indeed, by rewriting the ion drag in the following functional fBgm= o(E2)E
(assuming that the ion drift velocity is parallel to the electric figldsee Section 7.1) we immediately conclude that
V x Fijg=Va x E #0.

8.4. Complex plasmas as non-Hamiltonian systems

Thus, one of the remarkable features distinguishing complex (dusty) plasmas from usual plasmas is that charges c
the grains are not constant, but fluctuate in time around some equilibrium value which, in turn, is some function of
spatial coordinates. Complex plasmas are a novel type of non-Hamiltonian systems where the energy of the patrticl
ensemble is not conserved due to the charge variations. This is the generic feature of such systems—the energy var
not only in the presence of external electric fields, but dis® to mutual particle collisions

Non-Hamiltonian systems cannot be described in terms of thermodynamic potentials. An appropriate way to investi-
gate their evolution is to employ the kinetic approach. The most general and simple way to understand generic feature
of the ensembles with variable charges is to study the case when no external forces are present and the energy
particles changes solely due to mutual collisions. Recently, the two cases were 236i@87,474]inhomogeneous
charge—Z depends on the particle coordinate but does not change in tim#patdhting charge-Z randomly varies
in time around the equilibrium value which is constant in space. For both cases the Fokker—Planck approach was en
ployed to derive the collision integral which describes the momentum and energy transfer in mutual particle collisions
as well as in the collisions with neutrals. It was shown that the mean particle energy exhibits the explosion-like growth
when the neutral friction is below a certain threshold. The analysis of the threshold conditions suggests that while the
instability caused by thBuctuating chargesannot cause the heating of complex plasmas under typical experimental
conditions[237], the instability due tonhomogeneous chargean certainly be a reason for such hea{id86]. The
obtained solutions can also be of significant importance for space plasma environments. For instance, such mechanist
might operate in protoplanetary disks and affect dust dynamics and the kinetics of the planet formation.

One more example of non-Hamiltonian dynamics is associated with the presence of ion wakes: as we discussed |
Section 4.2, a charged particle embedded into a flowing plasma induces the charge polarization along the flow, becau:
the ions focus downstream the particle—they form the wake. The overall charge of the wake is opposite to the particle
charge and therefore it always exerts the electrostatic force on the particle pointed along the flow—the ion drag force
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The electric field produced by the wake of a test particle acts also on the neighbouring particles. The remarkable featu
of the wakes is that the interaction of theighbouringparticle with the wake of theestparticledoes notffect the test
particle, as was clearly shown in experimghi4]. Therefore, the interaction between two particlesaareciprocal

and, hence, is non-Hamiltonian. The energy of such ensembles is not conserved, which can be a reason for vario
instabilities[238,239](see also Section 9.4.4). Also, the particle—wake interaction can change the equilibrium particle
configurations—it is the reason for the formation of vertical particle stii288] (see also Section 10.3) or the particle
pairing[240-242]

9. Waves and instabilities in complex plasmas

The charged dust grains embedded into plasmas not only change the electron—-ion composition and thus affe
conventional wave modes (e.g., ion—acoustic waves), but also introduce new low-frequency modes associated wi
the microparticle motion, alter dissipation rates, give rise to instabilities, etc. Moreover, the particle charges vary ir
time and space (see Section 8), which results in important qualitative differences between complex plasmas and ust
multicomponent plasmas. Depending on the magnitude of the interparticle coupling, complex plasmas can be in
weakly coupled (gaseous-like) or strongly coupled (liquid-like) states, and form crystalline structures (see Section 10
This gives us a unique opportunity to investigate wave phenomena occurring in different phase states—in particula
nonlinear waves—at the kinetic level.

Complex plasmas observed in laboratory or space experiments usually form strongly coupled liquid or crystalline
states. Uncorrelated gaseous-like phase can be seen when there is a strong energy influx into the sub-system of gra
which causes substantial increase of the grain temperature and, hence, decrease of the coupling. This heating car
due to the spatial and/or temporal charge variations (as discussed in Section 8), or induced by dust wave instabilitit
triggered in complex plasmas (as discussed below in Sections 9.2.2 and 9.4.4). At the same time, for ideal plasmas't
theoretical analysis of the wave modes and major instabilities can be performed in the most simple form. Therefor
we first consider major wave properties of gaseous complex plasmas, and then discuss features peculiar to the way
in strongly coupled plasmas.

The comprehensive kinetic approach to study waves in complex plasmas is accompanied by serious difficulties: or
has to deal with the dust—dust and dust—ion collision integrals which, in contrast to usual plasmas, cannot be consider
in the linear approximations for realistic experimental conditions. Also, the grain charge should be treated as a ne\
independent variable in the kinetic equation, which makes the calculations much more complicated. There have beer
series of publications where the substantial progress in the self-consistent kinetic theory of complex plasmas has be
achieved243-247] One should admit, however, that this problem is still far from being solved. On the other hand,
in many cases the (relatively) simple hydrodynamic approach based on the analysis of the fluid equations allows t
to catch essential physics of the processes and, hence, to understand major dynamical properties of complex plasn
Therefore, the analysis of major wave modes and instabilities can be done with the fluid model. Of course, in some cas
the applicability of the results of the hydrodynamic approach have certain limitations, especially where the damping
and/or the growth rates of the modes are concerned, and then the kinetic approach has to be employed.

In this section we first briefly describe different experimental techniques used to excite the waves, and then discu
in detail the wave properties of complex plasmas in gaseous, liquid, and crystalline states.

9.1. Wave excitation technique

The methods used for the wave excitation in complex plasmas conditionally divide the experiments into two cate:
gories: passive and active. The former employ “natural” perturbations which are triggered spontaneously (e.g., wav
instabilities[231,248-253]see Sections 9.2.2, 9.4.4, and 9.5.2, or Mach cf2®5255] see Section 9.5.3), whereas
the latter use methods of controlled action produced with the specially designed devices. Generally, the active expe
iments provide much better flexibility, but in some particular cases the passive experiments yield remarkably goo
results (e.g., natural spectrum of waves in plasma cryg288-258] see Section 9.4.2).

The methods of the active (controlled) wave excitation in complex plasmas are very diverse. First of all, this can
be the electrical action produced in plasmas with biased Langmuir pfp@é59-261]wires[102,199,262—-266]
or electrodeg76,77,267—-27Q]which allows the excitation of both ion and dust waves. The electrical methods are
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very effective in creating waves of large amplitude and arbitrary geometry (see Section 9.5). On the other hand, the
major drawback of these methods is that the electrical perturbations cannot be localized in small regions, and that thi
action can strongly affect global plasma paramefe@®]. To produce the local action on dust particles which does
not affect the discharge plasma, the laser radiation is the most widely used rfiedBed11,271-276]This method
is employed for manipulation by single particles and small particle sets, and allows us to excite the Coulomb cluster
rotation (see Section 12.1), vertical oscillations of individual particles (see Section 8.1) and low-frequency waves in
plasma crystals (see Section 9.4), and to generate Mach cones (see Section 9.5.3). This technique, however, requi
very high laser power when waves of large amplitude are needed (e.g., Mach cones, solitqag1e¢4,276),
or when the perturbation should be simultaneously produced over an extended area (e.g., to excite planar waves
three-dimensional plasmas). The alternative method which provides local action on microparticles and, at the sam
time, the sufficient strength of the perturbations is the use of the electron j2ama78] Recently, this method was
successfully employed to cause local excitation, melting, and disruption of plasma crystals, by changing the magnitud
of the beam current. This technique, however, requires further development to be widely used in complex plasm:
experiments.

Other methods of action on the microparticles in complex plasmas employ external magnetif2i@l€202]
(see Section 13) and perturbations of a neutral gas pressure (d¢2s#&y»)80](see Section 9.5.2).

9.2. Waves in ideal (gaseous) complex plasmas

Considering the dust species as an ideal gas, one can write the continuity and momentum equations for the du:
densityn,; and velocityv, in the following form:

on

a—d + V(ngvg) = 62)
vy eZ V(nqaTq)

- 1 (Vg - V)vg = —m—dW/) I Z Vap(Va — Vp) . (63)

]

The last term in Eq. (63) describes the momentum transfer force (“drag”) on the dust particles caused by the collision:
with the “light” species—electrons, ions, and neutrgls< ¢, i, n). The corresponding momentum exchange rates
derived in the binary collision approximatiory, are given in Section 6.2. As long as the flow velocities of the light
species are much smaller than the thermal velocitjgsdoes not depend ary. An important difference between the
drag force due to collisions with neutrals (“neutral drag”) and the force caused by the collisions with the charged specie:
(“ion drag” and “electron drag”) is that the latter includes both the direct collisions with the grain surface (“collection”
part) and elastic scattering by the grain electrostatic potential (“orbital” part)jge= vfio;" + vo;gb The dust viscosity
usually does not play noticeable role in the gaseous phase and therefore is not mcluded in Eq. (63).

The fluid equations for electrons and ions are=(e, i)

on
=5, V0V = 01— Qs = Luna (64)
oVy €y V(naTa) b QLoc I

The continuity equations include source ter@s,, and two types of sink—"“discharge” log , and the “dust” loss

I,ng. The source of electrons and ions which sustains the discharge is usually the volume ionization in electron-neutra
collisions[83,215] and thenQ|. = Q|; = vin., Wherev, is the ionization frequency. (In some cases the secondary,
thermal, and/or photoemission from the surface of the grains can also provide contribut@psdee Section 3.3).

The “discharge” loss term is usually due to the diffusion towards the discharge chamber walls and can be estimate
asQL. = OL; ~ (Dai/L?n;, whereD,; is the ambipolar (ion) diffusion coefficient amdis the spatial scale of the
“global” plasma inhomogeneity (i.e., distance between the rf electrodes or the radius of the dc discharge tube). The
“dust” loss terms are due to electron and ion absorbtion on the grain surface (see Section 3.4) and are determined |
the corresponding fluxes on a graih, described in Section 3.
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The representation of the momentum transfer force in the fgpitv,, — vp) is valid as long as the mean free path of
the species is shorter then the spatial scale of the perturbations (e.g., the inverse wave Vedtimte that the change
of the electron or ion momentum due to absorbtion by the dust grains does not depend on the grain velocity, and th
is also taken into account in Eq. (65). The reciprocal momentum transfer rates are related to each other as follows:

manavaﬁ = m/;n/;v[;a . (66)

Variability of the grain charges implies that the fluid equations for the density and momentum should be coupled to the
charge transport equation which has the following form:
0z

= Ve VZ=hi— 1. (67)

The system of equations is closed by the Poisson equation,
Vzd) = —A4ne(n; —n, + Zny) . (68)

One can also take into account the temperature variation of the species caused by the wave perturbations. There are
limiting cases: isothermal variations—when the time scale of the perturbations exceeds the time scale of temperatu
relaxation due to the thermal conductivity—and adiabatic variations in the opposite case. Then the partial pressure
each species,, T, scales as< n)?, wherey,, is the effective polytropic index.

9.2.1. Major wave modes
In ideal unmagnetized plasmas only longitudinal wave modes can be sustained. The dispersion relations of thes
modes can be written as a sum of the partial susceptibilities (plasma responses),

e, K)=1+y,+ 1 +x =0, (69)

where the electron and ion responses are expressed via density and potential perturbpgi,mﬁﬁcek‘zéne,i /0.
The dust response depends also on the charge variations, g9 #hatdrk —2(Zony +nqdZ)/d¢. By linearizing Egs.
(62)—(68) one can obtain the partial responses in general case (for the results of the kinetic theory,[284.,282).

In order to retrieve the wave modes existing in complex plasmas, let us first consider the caseulfitoenponent
plasmas—when the variations of the grain charges are neglected. At this point we also neglect collisions and assum
the equilibrium plasma ionization and loss: this approach allows us to obtain satisfactory resultsréad theat of
the dispersion relations(k), unless the actual damping (growth) rate of the waves is comparableswithe partial
plasma responses in this case are

2
1)
P
Y, == 70
X w? — yo(kzv%c (70)

(When the flow is present with the drift velocitiag, one should simply substitute — o — k - u,.) For the plasma
waves (plasmons with > kvr,) the microparticles remain at rest and, therefore, the functional form of the dispersion
relation,w? = w[ZJe + 3k2v%e, is not affected by the presence of the dust grains (in the hydrodynamic approach one
can treat plasma waves as one-dimensional oscillationsyyih3). However, the electron plasma frequenoy,, is
changed because the charged grains affect the quasineutrality condition for unperturbed densities; Zn,, and

hence the electron density. A similar effect is also observed for the ion—acoustic (IA) waves, where the electrons provid
equilibrium neutralizing background and dust remains at kegt,<w <kvr,. For electrons we havg, = (k)uDe)_2

and then Egs. (69) and (70) yield

2 42
2 (,l)pl- )“De

2
1+ 23,k2° (1)

w
w2 = hivn

The first term represents ordinary ion thermal sound mode which can exist when the ion mean free path is much small
than the wavelength . Usually this term is relatively small and can be neglected compared to the second term, which
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actually represents the IA mode. This IA term depends on the ion-to-electron density ratio, which can be conveniently
characterized by the “Havnes parame{@83],

=-L_1, (72)

Generally, whenP <1 the effect of dust on the conventional (plasma and ion—acoustic) modes can be neglected.
Otherwise, forP 2 1 the role of dust can be significant and then, in order to highlight this effect, the 1A waves are
referred to as thdust ion—acousti¢DIA) mode. In the long-wavelength limitip, < 1 the phase velocity of the DIA

mode can be conveniently written as

Cpla = wpiApe = /(1 + P)tvy; (73)

wheret=T,/T; is the electron-to-ion temperature ratio, which is much larger than unity for typical rf and dc discharges,
so thatCpa exceeds significantly the ion thermal velocity (note #igix does not depend dhy). The role of the dust
species on the 1A waves was first considered by Shukla and[38ii]. The DIA waves were studied in a series of
experiments (see, e.g., Refl268,285,286)] where the increase of the phase velocity with the grain density was clearly
demonstrated.

Charged dust particles give rise to another acoustic mode associated with the motion of charged grains, whereas bo
the electrons and ions provide equilibrium neutralizing backgroundk#gr< w <kvz, we havey, ; = (k)LDe,,-)_Z,
and then Egs. (69) and (70) yield

2 C"|r2Jd/12D

S T (74)
2T e

where /52 = 252 + Jp? is the linearized Debye length. In analogy with the DIA waves [Eq. (71)], the first term
represents the dust thermal mode and the second one corresponddusttaEousti¢DA) mode. The phase velocity
of the DA mode does not depend on the dust temperature and in the long-wavelengtiigirgit can be written as

T; Pt
Cop = wogip = 1Z]=5 [— 5 4, 75
DA = Opd#D \/' |Td\/1+(1+P)rvT’[ (75)

There is a clear similarity between the ion and dust acoustic modes: Egs. (73) and (75) show that the phase velocit
of both modes is determined by the temperature ratio of the light-to-heavy spetiggi—for DIA waves andr; /T,

for DA waves. Peculiarity of the DA waves is that the charge-to-mass ratio of the dust grains is typi€aihyg'f0

times smaller than that of the ions and, therefore, the dust waves have relatively low frequetfies00 Hz. The
dispersion relation for the DA wave was first derived by Rao ef2d7]. Since the typical values 9| are of the

order of thousands, the phase velocity of DA waves can be much largeythaeven if7; exceedd; (of course, the
Havnes parameter should not be too small).

The first reported observation of spontaneously excited dust waves was in a rf magnetron discharge at a frequenc
=~ 12 Hz[248]. Later on the dust waves, either self-sustained or excited externally, were seen in numerous experiment:
under quite different experimental conditions: for example, in Q-machineld&t Hz with the phase velocity 9 cny/s
[249], in dc discharges in the range6—30 Hz with the phase velocity 12 cnys[267,268] and at~ 60 Hz with the
phase velocity~ 1 cm/s[250,251] in rf discharges atv 25-60 Hz[252,253] and at~ 8-40 Hz[76,77], etc.Fig. 24
shows the waves excited by a periodic modulation of the rf electrode potential obtained under microgravity conditions
[77]. Most of such experiments, however, were done with strongly coupled plasmas. The weak coupling was probably
achieved only when the excitation amplitude was fairly large (e.g., as s&&p i24) or the waves were unstable (e.g.,
[249]), which eventually provided sufficiently high “temperature” of grains. A quantitative comparison with the linear
dispersion relations is not really justified in these cases. Therefore, an accurate experiment to verify the DA dispersiol
relation in gaseous complex plasmas is still necessary, though the first experimental observations of the dust therm:
mode was recently report¢a58].
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f=22.0 Hz

16:52:50:88

Fig. 24. Wave structures observed in PKE-Nefedov experim@iifs The experiments were performed under microgravity conditions in argon
rf-discharge plasma at pressure 12 Pa with a mixture of the melamine formaldehyde particles of 3.8pandlmeter. The particles were
visualized by the vertical laser sheet of about fiBDthickness. The waves were excited by applying a low-frequency modulation voltage to the
horizontal rf electrodes. The snapshots (side view) show the response of the particles at frequencies (a) 3.3Hz, (b) 10Hz, and (c) 22 Hz.

Note that when the variations of the grain charges induced by waves are taken into account the DIA phase velocit
remains the same, but the DA velocity is chand@%il,288,289] However, this change does not exceed the factor
~ /(24 2)/(A+ z) compared to Eq. (75), which is typically less tharl5%. Therefore, for practical use Eq. (75) is
quite sufficient.
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9.2.2. Damping and instabilities of the DIA and DA mode

The wave modes can only exist when the damping is weak, so that the actual imaginary part of the dispersion relatior
|wi|, is much smaller than the real past—only then one can speak about the wave propagation. The waves can also
be unstable, because of various mechanisms operating in complex plasmas—we discuss these mechanisms below.
long as|wj| is much smaller thany, the latter is approximately determined by the real part of the permittivity (69),
i.e., Res(wr, k) ~ 0, and the former is given bL47]

Im &(w, k)
~ dRes(w, K) /dw

wj X~ .
w=wr
This is very convenient formula for the practical use.

First we discuss the kinetic effects—namely, the role of the Landau damping.

For each wave mode, the Landau damping can be due to wave resonance with “heavy” species (i.e., ions for DI/
waves and dust for DA waves) and with “light” species (electrons for DIA waves and ions for DA waves). The damping
caused by heavy species scaleg@gwy| o exp(—%Cz/v%), whereC andvy are the corresponding phase velocity and
the thermal velocity of heavy species, respectijaih3,290] From Egs. (73) and (75) we see that even in isothermal
complex plasmas th€ /vy ratios can be quite larg&€pa /vy, is large whenP > 1, andCpa /vr, is large because
|Z|> 1. This makes substantial difference compared to usual plasmas, @iagher, can be large and, thus, the IA
waves can propagate only whes-1 (DIA waves were studied in the double plasma device, §€609], and the
Q-machine, e.d285], wherer ~~ 1). Thus, the damping on heavy species is usually small in (dense) complex plasmas.

In the absence of the plasma flows the Landau damping on light species is relatively weak as well, because of th
small charge-to-mass ratios: for DIA waves the (relative) damping réig ie|<+/(1 + P)m./m;, whereas for DA

Waves|a)i/cor|§\/P(1 + P)7YZ|m;/m4 [213,290] Nevertheless, in experiments with the DIA waves performed at

very low pressureg; ~ 10-2-10"2 Pa, the electron Landau damping can be an important mechanisms of dissipation
[291]. For DA waves, however, it does not play noticeable role. The Landau damping is, of course, modified when a
stream of light species exists in a plasma (see below).

Now let us dwell upon the other mechanisms responsible for the damping and instabilities of the DIA and DA
waves. Below we assume that the electron-to-ion temperaturerrégitarge, as it is usually in experiments. Such
assumption allows us to simplify formulas substantially (note that evenfof the resulting expressions yield fairly
good quantitative agreement with the exact formulas).

DIA mode Along with the Landau damping the major dissipation mechanisms are the collisions with neutrals and
variations of the grain charg§a89,292—-295]In addition, there is a counterplay between ionization and loss—this can
cause either damping or instability, depending on the valiid204,296,297]All three contributions to the imaginary
partw; (assuming that it is much smaller thai) can be derived from the fluid approach which yields

1-P P2Qcn
J— v J— y
1+P ' dA+P)dA+2)

wherevj, is the frequency of the ion—neutral collisions d@Bg, is the charging frequency [see Eq. (15)]. In sufficiently
dense complex plasmas (whérs 1) the major damping mechanism can be due to the “coherent” charge variations
induced by waves (the mechanism is effective because the DIA frequency can be compdaegh)leTtoe ion—neutral
collisions as well as ionization do not usually play any significant role in the DIA wave experiments, since the gas
pressure is low enough (see e.g., REZ60,269,285).

As regards the DIA instabilities, the major mechanism operating in experiments is associated with the electron
drift relative to ions[286,298}—the so-called “current-driven instability” which is well-known for the 1A waves in
usual plasmas. Essentially, this instability is the reversed electron Landau damping—the energy exchange due to tt
resonance electron-wave interaction changes the sign when the drift velpeigeeds the phase velocity of the DIA
wavesCpia - The growth rate associated with this instability can be estimat§ebas

2mi >~ —Vin

i e e/C -1
G [T e gy py We/COA D)
o 8 m; (14 k2)3,)%/?
When the damping rates discussed above (including the ion Landau damping) are low enough the current-drivel
instability sets 0rj268,298] The charge variations can somewhat modify the growth[28@].
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DA wave modeThe major damping mechanism operating in experiments with complex plasmas is certainly neutral
gas friction. The resulting dampinge2 >~ —vqn, is determined by the corresponding momentum exchange rate [see
Eqg. (48)]. However, along with the damping there are a number of instability mechanisms which turn out to be quite
important in experiments. Below we mention the most important types of the DA instability:

(i) lon streaming instability: It can be triggered when ion currents are present in a plasma (e.g., due to electric
fields in rf sheaths and dc striations). The mechanism of the (DA) ion streaming instability is completely identical
to that of the (DIA) current-driven instability. The ion streaming instability is often observed in complex plasma
experiments performed in different discharges (see [86)249,250), and it has been studied theoretically in numerous
publications, e.9[290,300-304]

The presence of the ion flux modifies properties of the DA mode. This can be appropriately taken into account by
using the kinetic expression for the ion susceptibility. Also, the kinetic approach allows us to include properly the
effect of the ion—neutral collisions: the collisions in discharges are mostly of the charge-exchange type, which make
possible to employ the model BGK form of the ion collision integral. Assunsimiffed Maxwelliardistribution, the
ion response ifl47]

1 1+7@) o —Kk-u; +ivin
Zi(0,K) = — , =, (76)
(kZpi)? | 1 4 Vin F&) V2kvr,

w—K-U; +ivin

whereZ (&) is the Maxwellian dispersion functid216]. In limiting cases Eq. (76) can be substantially simplified: for
|€] <1, the power series for the dispersion functioigs) ~ —2&% 4 i/n&, and for|£| > 1 the asymptotic expansion

isZ (&) ~—-1-— %5’2 + iﬁie—éz. Therefore, whetiw — K - u; + ivin| <kvr, we obtain

1 . 7'L'(1)—|('U,'
w0 = s[5 ] o

whereu; is the drift velocity of ions. The real part in Eq. (77) coincides with the results of the fluid approach in this
limit [see Eq. (70)], the imaginary part is due to the Landau damping. In the oppositédimik - u; + ivin| > kv,
the resulting susceptibility can be written in the following form:

2,

(. K) ~ — P _ 78
A K i@ K-t + v — K202 (78)

This limit denotes either strongly collisional case (when the ion mean free path is shortdraor the case of

“cold hydrodynamics” (whem; > vr;, so that the thermal motion can be neglected). In both cases the fluid approach
is applicable and, hence, Eq. (78) can be directly obtained from Egs. (64) and (65), assuming equilibrium ioniza
tion/recombination and neglecting other collisions.

Note that Eq. (76) is derived assuming the shifted Maxwellian function for the ion velocity distribution. This
assumption, however, is only justified when the ion flow is subthermal—otherwise deviations from the Maxwellian
form become too strong [see Eq. (53)] which, in turn, strongly affects the expression for the ion susceptibility
Therefore, for the superthermal flow one should use Eq.[@1210,211]

The threshold for the ion streaming instability is determined from the (numerical) solution of Eq. (69), by using
Egs. (77) or (78) for the ion response and substituging- (k’pe)~2 and L = —w2,/w(w + ivgn). Experiments
show that by increasing the neutral gas pressure up to sufficiently high values (typically, dozens of Pa) the instabilit
can be suppressed, apparently because the neutral gas friction increases as well. The theoretical analysis (which
be somewhat simplified for the subthernfi2bl] and superthermdB05] limits of the ion drift) yields the pressure
threshold which is in a good agreement with the experiments.

(ii) lonization instability: Unlike the DIA waves, ionization cannot directly cause the instability of the DA waves—
because the ionization creates new ions, but not dust grains. Nevertheless, ionization can in fact trigger the DA instabilit
because the ions can effectively transfer their momentum to the grains via the ion drd@®8:@64,306] The whole
instability mechanism operates as follows: when the dust density fluctuates in some region—say, decreases—ionizati
increases (because the electron density grows keeping quasineutrality), which creates additional ion outflow from tt
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Fig. 25. Spontaneous excitation of dust waves observed in laboratory exper[@&2itsThe experiments were carried out in a neon rf inductive
discharge with the melamine formaldehyde particles.87 im diameter (side view on the lower part of the dust cloud is shown). The instability

sets on when the particle density in the cloud exceeds a threshold, provided the gas pressure is low enough. The snapshots show dust waves trigge
at pressures (a) 15 Pa and (b) 50 Pa.

region. This flux exerts an additional ion drag force pushing the grains away and, thus, the dust density decrease
further. Obviously, this instability is of the aperiodic type (i®;,= 0) and, thus, is independentwf,. The instability
conditionw; > 0 is satisfied whef203,204,297]

[P~ Yig — L+ P) Hvinlw 2 k%07,

Here,viq is the effective frequency of the ion—dust collisions, which is related to the “ion dragVgatetroduces

in Section 6.2.2 vian;n;vig = mgngvgi. The larger the dust grains are, the higher the valugqos and, hence, the
condition for the instability is more relaxed. There are grounds to believe that this instability is responsible for the onset
of the void formation in complex plasm§&2,203,204,297,306]

(iii) Charge variation instability: It is due to the grain charge variations induced by the DA wave. In contrast to the
DIA waves, now the charges are very close to the momentary equilibrium (beleajug€.) and, therefore, their
variations alone are unlikely to be a reason for an instability or damping. However, in the presence of an external electric
field E (e.g., ambipolar fields or the fields in rf sheaths and dc striations) the wave-correlated charge variations result ir
non-zero (average) work done by the electric fd&®1—-253] The sign of this work is determined by the orientation
of the wave vectok with the respect to the electric field. The dust susceptibility that takes into account these effects
is[251]

wz .

pd ieE - k
K~ P g ER

1a (- k) a)(co+lvdn)|: + (1+z)T,-k2]

This expression should be used together with Eq. (77) or (78) for the flowing ions, because the electric field cause
an ion drift with a velocity which is usually determined by the ion mobility via u; = y; E. Numerical solution

of Eq. (69) yields the instability threshold which takes into account both the ion stream and the charge variations
[251]. It was shown that the charge variations can relax the conditions for the instability onset significantly, resulting
into lower values of the threshold pressure. Then the instability can be triggered when the density of dust particles
exceeds a critical valu@51,252] Fig. 25shows an example of such instability observed in a rf inductively coupled
dischargd252].
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9.3. Waves in strongly coupled (liquid) complex plasmas

In the beginning of this section we already mentioned that complex plasmas are normally observed in experimen
forming strongly coupled states, i.e., the coupling parameter of the grain—grain interBdiauite large. The pair
correlation function of microparticles usually exhibits short-range order indicating that plasmas are in liquid-like states.
or that the particles form ordered crystalline structures. Dispersion properties of strongly coupled plasmas significantl
deviate from those of ideal gaseous plasmas discussed above. There are number of different theoretical approache
study waves in strongly coupled systems: these are, e.g., the “quasilocalized charge approxjigtst]eniployed for
complex plasmas by Rosenberg and Kalrf&8,309] the “multicomponent kinetic approach” by Muril[810,311]
and the “generalized hydrodynamic approach” applied by Kaw and®e&+314] The latter is probably the most
physically “transparent” approach which allows us to track evolution of the dispersion properties of complex plasmas
in a broad range of’, from the ideal gaseous state up to the strongly coupled state—when the system crystallizes
There have been also numerical MD simulations of the wave modes in strongly coupled complex [B4£n34s6]
which are in reasonably good agreement with the results of the above mentioned theoretical approaches.

Following the model of “very viscous liquids” originally proposed by Maxwell and generalized by Fr{giké|
in the framework of generalized hydrodynamics (GH) the ensemble of strongly coupled dust grains is treated as
continuous medium which reveals properties of viscous liquids in response to slow perturbations, but behaves as elas
body when the perturbation time scales are short enf@it 313] The transition between these two regimes occurs
at the so-called “Maxwellian relaxation timegs. The fluid equation of motion for the velocity perturbatiévy has
the following form:

00 Z v !
Vd _ _e—VqS _thd VandVy —/ dt’/ dr'ng(r —r't —t")ova(r', 1) . (79)
—00

ot mgy mqng

The integral term is the linear viscoelastic operator in a homogeneous stationary medium written in a general form. |
takes into account both spatial and temporal correlations of stresses exerted in strongly-coupled systems, in addition
the local homogeneous stress—the pressure ¢eVip,. By using the simplest form of the viscoelastic operator with

the exponentially decaying memory effects, we have for the Fourier transform of the dust kinematic viscosity,

nk? + (31 + Ok (k)
1—iwtm '

N, K) =~

Parameters of the stress operator—viscosjtae®l, and relaxation timey, as well as pressuygg; are determined by the
correlation part of the energy of the electrostatic interacii®h, «) = Ucorr/ Ty (normalized by the dust temperature).

In a weakly coupled regimd; < 1, the Debye—Huickel approximation yields~ —‘/7§F3/2 (here and below in this
sectionI” corresponds to the Wigner—Seitz radius). For the liquid phase in the ragdé<1200 the normalized
correlation energy can be well approximated by the scdBag] u = al’ + bI'Y/* + ¢ +dI'~1/*, where coefficients,
b, ¢, andd are some functions of the lattice parametein the one-component plasma (OCP) limit= 0, the Monte
Carlo (MC) simulationg319] yield: a ~ —0.89,b ~ 0.94,¢ ~ —0.80, andd ~ 0.18. Forx <1 the dependence of
the coefficients on the lattice parameter is rather wgag], e.g.,a(x) ~ —0.89-010x? + 0.0025* + - - -, which
means that the OCP results are quite applicable for this rangeTdfe relaxation time is expressed as folld&20]:
w2, =n.(1 =y, + 15u) ", wheren, = 30+ andu, =T, @pa/na)7, =1+ ju + §I'0u/0I is the isothermal
compressibility. The first and second viscosity coefficiemend(, can also be deduced from the results of numerical
simulations and experimen321-324]

Using the Fourier transformation of Eq. (79) together with the continuity equation (62) one can derive the dispersior
relations of different wave modes.

9.3.1. Longitudinal waves
The dust susceptibility isi¢,; parallel tok)

Vg
sa(w, k) =— - 7 (80)
. 2 2 I, wk
(o + 1vdn) — Yglgk vy

1—iowtm
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Fig. 26. Dispersion relation of dust waves in strongly coupled complex plasmas, as derived from the quasilocalized charge appf8d8hdtien
frequency is normalized to the dust plasma frequengy and the wave vector is normalized to the particle separati@in the text4 is adopted).
The results are shown far= 4/1p = 0.5 and different values of the coupling paramdteiThe curvel” = 0 represents the dispersion relation for
the DA waves in gaseous complex plasmas [Eq. (74) Wjtk= 0].

The dispersion relation is determined by Eq. (69) by substityting~ (k),De,,-)‘2 together with Eq. (80). Naturally,
two limits can be distinguished: the “hydrodynamic regimetyy <1 and the “strongly coupled regimefty > 1
(following the terminology adopted from the OCP literature). For 1 the correlation energy is mostly determined by
the Madelung party >~ —0.89I", and then the results are reduced to the following simple form:

. 1 vz, \° 2 ;2
oty <1 o[w + i(vgn + kz)] >~ — - O.4< d ) I' | C5pk”
N 1+ k273 Coa DA

. 1 (% 2 2 2
oty > 1 o(w + ivgn) > ——0.24( d ) I' | CApk- . 81
M ( n) {1+k2&% Con DA (81)

The right-hand side of Eq. (81) is independentpf and the second terms represent the “coupling correction” to the
gaseous DA dispersion relation (74). At sufficiently lafgthese terms play a very important role—the dispersion can
even change the sign, so that the group velocity becomes nedatiyé(< 0) at largek. This feature is peculiar to the
longitudinal modes in plasma crystals (see Section 9.4), which indicates that theigialitativedifference between

the dispersion properties of (strongly coupled) liquid and crystalline complex plasmas. It is noteworthy that the other
approaches yield essentially the same results for the real part of the dispersion relatiig.(2€ The important
difference revealed in the GH approach is only for the imaginary part—in addition to the neutral friction, the viscosity
contributes to the dissipation in the hydrodynamic regime. However, for typical experimental conditions the neutral
gas friction prevails and the viscosity can provide the major contribution to the dissipation only if the gas pressure is
low enough. Also, the neutral gas friction can hamper the role of the “coupling correction”, andvyhleecomes
comparable teop, the difference between the dispersion relations of ideal and strongly coupled complex plasmas can
be washed away complet€l§08,312,313] Presumably, that was the reason why in experiments where the coupling
parameter was quite high the dispersion properties were nevertheless found to be very similar to those derived for ide:
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plasmas (see, e.§262]). Note that the longitudinal waves in strongly coupled plasmas are subject to the ion streaming
instability, similar to that discussed in Section 9.2.2, now with the thresholds and the growth rate functions of
(e.g.,[312]).

9.3.2. Transverse waves
For the transverse wavedv; perpendicular td) the dispersion relation can be directly obtained from the Fourier
transformed equation (79),

’7*k2 + Vdn
™ '

olo +i(ty' + vanl = (82)

This mode is also strongly affected by the neutral gas friction—the effects of strong coupling disappeaj; 2,

If the neutral friction can be neglected then in the hydrodynamic regitge< 1 Eq. (82) reduces to the ordinary damped
mode for a shear flow in viscous liquids,~ —in, k2. In the opposite regime we obtain a nondispersive acoustic mode,

o >~ /n,/tmk, which is analogous to elastic shear waves in solids. The phase velocity of the mode is determined by
the coupling parametdr,

oty > 1: % ~ O.4ﬁde .

The shear waves triggered in liquid complex plasmas due to instability have been observed experifi3@fally
(however, the mechanism responsible for the instability is not fully under$8i®j325,326].

Thus, the GH approach allows us to track evolution of the wave dispersion properties as the coupling paramete
I' increases, and thus to cover the transition from the ideal gaseous to the strongly coupled state. However, the pt
nomenologicahydrodynamicapproach can provide us only with the qualitative convergence to the wave modes in
crystals and, of course, cannot retrieve features peculiar to a particular lattice type (especially when the waveleng
becomes comparable to the interparticle distance). Therefore, for a quantitative study of waves in plasma crystals ol
should employ different approach which is discussed in the next section.

9.4. Waves in plasma crystals

The theoretical model of waves in crystals—the so-called “dust-lattice” (DL) waves—is based on the analysis of
the equation of motion for individual particles. For a particle having the coordinthie equation of motion is

myt + mgvgnt = —VUqd + Fext - (83)

HereUqq= eZZZZ,. Ir —r;|~Lexp(—|r —r;|//p) is the total energy of the electrostatic dust-dust coupling (interaction
potential is assumed to be of the Debye—Hickel form), the summation is over all particles with The forceFex;
includes all “external” forces (except for the neutral drag force which is explicitly included to the left-hand side), e.g.,
confinement, excitation (lasers, electric pulses, beams, etc.), thermal noise (Langevin force), etc. Such diversificatic
of the forces is convenient because the eigenmodes of the system do not degend When the particles in a
crystalline state are sufficiently far from the melting line (B&g 33 Section 10), as a “first iteration” one can neglect

the influence of the thermal motion in the dispersion properties. Then the waves can be considered as perturbations
cold particles which form in the equilibrium an ideal lattice.

9.4.1. One-dimensional string
The simplest model for studying waves in crystals is the one-dimensional “particle stBidg]: The motion is
only allowed along the string, which formally corresponds to the infinite transverse confinement. [8Z8¢this
model was adopted to study waves in plasma crystals. The string model shows very good agreement with the fir
experiments performed with one-dimensional plasma cryidt@s 108] Moreover, when particle separatidrexceeds
the screening lengthp, so that only the interaction with theearest neighbours important, the string model turns
out to be appropriate to describe DL waves also in two-dimensional plasma cf$8@&s09] The string model yields
the following dispersion relation in the nearest neighbour approximation:

(o + ivan) = 4Q3 ¥ (k71 + 2% + 2 3)sint S k4 (84)
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where£22DL =62Z2/m,1),% is the DL frequency scale amd= 4/ Ap is the lattice parameter. The experimentally observed
wave frequencies usually vary from a few Hz for strings up to a few dozens of Hz for monolayerd (2dL07,256),
which is in agreement with the estimated magnitud@gf. Simple formula (84) is very convenient to evaluate spectra
of the longitudinal DL waves.

9.4.2. Two-dimensional triangle lattice
Most of the experiments on the DL waves have been performed so far in two-dimensional complex plasmas—
crystalline monolayers suspended in rf electrode sh¢a@#109-111,256-258Particles in the monolayers form a
hexagonal (triangular) lattice (as showrHig. 34 see Section 10). The dispersion relation forithplaneDL modes
in such lattices was derived in Ref257,329-331]The perturbations are determined by the following equdf6]:
@(® + ivan)dr  k = D k0F ok, Where the components of the dynamics matrixaf§, = o — B, D))\ =o+ f, and
D, = D, =7, and the coefficients, 5, and; are represented by the following sums over all neighbaurar{dn
are integers):

=03 Z e XK+ K2+ K ¥sitlk R,

m,n

p=0Qf > e Xk T+3K?2+3K ¥[(R2— RD)/R?]sin*5k R,

m,n

=03, Z e X (K1 + 3K 72+ 3K 3)[2R R, /R?|siP3k -R . (85)

m,n

HereK = R//p is the lattice parameter for the neighbour separated by v&cterR,, R,), with the components
R, =m*/7§4|, Ryz(%m—kn)A . (86)

The dispersion relation for the in-plane DL modes is determined by the eigenvalues of the dynamics matrix,

wi(0x +ivan) =0/ 7+ 72 | (87)

The two branchesy. (k), represent the “high-frequency” and “low-frequency” modes, respectively. These modes are
shown inFig. 27 for different orientations of the wave vector with respect to the lattice (i.e., different propagation
angleb) [257]. In the long-wavelength limit branches. (k) are isotropic. The dependence on the propagation angle
is only revealed at largds, where the dispersion can be negative (0k < 0). Along with the theoretical curves and
the results of MD simulations (Fi@7e—h), the experimental data are showirig. 27a—d. The experimental results
were obtained by employing very effective technique proposed by Nunomura[258@]. instead of using external
excitation and measuring the particle response, the naturally excited (thermal) particle motion is recorded and a Fourie
transform of the velocitiesy,, k, is computed. The highest values of the energy density/,, k|?, are concentrated
in close proximity to distinct curves itw, k)-space, which are identified as dispersion curves.

One should be reminded here thak) is completelydefined by the wave vectors from the first Brillouin zg827].
For a hexagonal lattice the first zone is a hexagon determined by the basis reciprocalArectrsi (1, %) and

B = 2n4~1(0, %), which corresponds tb<2n4~* for 6 = 0°, and tok < %M_l for 0 = 3C°. If k is beyond the

first zone then vectdd = i A + jB (with some integer andj) should be subtracted, so thdt=k — G lies in the first
zone and, thusy(k) is equal tow(k”).

Brancheso. (k) are often referred to as the “longitudinal” and “transverse” modes. Such a distinction, however, is
not always appropriatl257]: the branches are purely longitudinal and transverse only when the propagation angle is
0 =0° and 30. Otherwise, for an arbitrar§, the longitudinal polarization can be prescribedtp, and the transverse
one—tow_ (i.e., perturbatiordr, i is parallel or perpendicular to, respectively) only when the wave vectors are
sufficiently small—in the long-wavelength limit. Asapproaches the first Brillouin zone the polarization of branches
w4 (k) starts alternating between longitudinal and transverse, as shdwig i27-. This is because for arbitrafthe
short-wavelength longitudinal perturbations cause the transverse ones, and vice versa—the modes become coupled,
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Fig. 27. Dispersion relations of the DL waves in a monolayer hexagonal lattice at different propagationfgi2giés The phonon spectra of
thermally excited waves is shown, as measured (a)—(d) in experiments (argon gas pressure about 1 Pa, plastic pa#tictesliah&ter) and
(e)-(h) in MD simulations. The theoretical dispersion relations are superposed: dotted line for the high-frequeney, randedashed line for
the low-frequency modey; (in the textw+ are adopted, respectively). The frequency is normalizedge= x~3/2Qp, and the wave vector is
normalized to the interparticle distanaéin the text4 is adopted). (i) Phonon spectra of the waves propagatifig=adt5° measured experimentally.
The high- and low-frequency branches have mixed longitudibahnd transversel') polarization.(/) Polarization of the high-frequencyy) and
low-frequency ;) modes predicted by the theory. In the long-wavelength limit the high-frequency mode is purely longit@jiralj, and the

low-frequency mode is purely transverg® & 0).

that one cannot distinguish between them. The coupling disappears only in “symmetrical’ cases?=v@hamd 30.

Thus, the more general division into the “high-frequency” and “low-frequency” branches seems to be more suitable.
Note that the one-dimensional dispersion relation for the particle string can be recovered from Eqgs. (85)—(87) b

settingm = 0. This corresponds to the summation along the primitive translation ve@od) (modew.. represents

perturbations parallel to the string, and made is prohibited). It is remarkable that in the nearest neighbour ap-

proximation ¢ = 2) andin the long-wavelength limit, branch, (k) almost coincides with Eq. (84255,257,330]

Moreover, for the propagation angle abéut 30° the high-frequency branch is well approximated by the string model

atany k
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In the long-wavelength limit the DL branches (which are purely longitudinal or transverse in this case) have an
acoustic dispersion, with the phase velocm%fL = limy_ 0w /k (superscripts “I" and “t” denote the longitudinal
and transverse polarization, respectively). The velocities can be writ{82%831,332]

Chl = CoL Fit(x) , (88)

WhereC%L = Q%L)% =272 /m4p is the DL velocity scale. The magnitude 66, is of the order of a few cm/s for
typical experimental conditio410,111] In order to compar€p, with the phase velocity of DA waves in gaseous
complex plasmas, one can use the following convenient expressSigni= +/x3/3Cpa, WwhereCpa is given by
Eq. (75) calculated for dust densily = (374°)~1. Exact formulas for functions;j ;(x), which can be derived from
Egs. (85)—(87), are rather complicated. However, for a practical ranggheffunctions can be very well approximated
by simple polynomial expansions. Fok 5, we have with accuracy 1%[329,332]

Fi ~ 2.70k"1(1 — 0.096¢ — 0.004¢%), F; ~ 051 %?(1 — 0.03%?) . (89)

Note that in the OCP regimex & 1) the scaling of the longitudinal velocity with as well as the magnitude of the
velocity (Ch, = 2.7x~1Cpy) is different from the results for the one-dimensional strifi,( ~ 1.4v—«~1In kCpy)
[331]. Recently, the long-wavelength DL modes in crystalline monolayers were investigated in active experiments
[110,111] where the waves were excited with chopped laser radiation. The measured dispersion relations were fount
to be in remarkably good agreement with the theoretical results.

In addition to the in-plane waves, the particles in crystalline monolayers can also sustaéntitted (out-of-plane)
DL wave mode, which is shown iRig. 28 The vertical mode is due to the balance between gravity and strongly
inhomogeneous vertical electric force on a patrticle (e.g., in rf sheaths). This implies the (lowest-order) vertical parabolic
confinement characterized by the frequency of a single particle oscillaéinEmploying the one-dimensional string
model with parabolic transverse confinement, one can derive dispersion relation for the vertical DL mode (neares
neighbour approximatiorfg33]

(o +ivgn) = Q2 — 4Q%e " (k% + k3 sl k4 . (90)

This is the optical branch, lim,o w = Qy, which has a negative dispersion, so that the group and phase velocities
have opposite signs. An analytical dispersion relation for the vertical mode in a two-dimensional hexagonal lattice has
been derived in Ref§266,334] In the nearest neighbour approximatiand in the long-wavelength limit, it agrees

well with Eq. (90). However, fok close to the first Brillouin zone the dispersion of the two-dimensional vertical
mode becomes positive for any propagation angle, and then the vertical mode cannot be approximated by Eq. (90
The theoretical dispersion relations are in reasonable agreement with the experimental results obtained for long wave
[266,275] Nevertheless, deeper experimental investigations of the vertical DL mode (similar to what has been done
for the in-plane modes) are still required in order to perform comprehensive quantitative comparison with the theory.

9.4.3. Three-dimensional plasma crystals

So far, no reliable experimental results on the DL waves in three-dimensional plasma crystals have been reportec
Basically, there are two reasons for that:

(i) The major problem of the wave investigation in three-dimensional complex plasmas is the lack of effective 3D
diagnostics. The laser sheets which are employed to render the particle motion cannot precisely reveal the informatio
(viz., particle velocity) in the direction perpendicular to the sheet. The technique that is currently available for 3D
diagnostics (based on the particle color coding of the third dimension, see brief description [B3R§frestricts
the analysis to a relatively small volume, and also is very complicated technically. Therefore, the major experimental
efforts (to study waves and other dynamical phenomena) have been focused so far of the crystalline monolayers.

(i) In the ground-based experiments it is almost impossible to obtain 3D plasma crystals of “good quality”: The
particle clouds are very stressed in the vertical direction (unless the particles are small enough, but then their recognitio
becomes difficult)—the inhomogeneity scale can be comparable to the particle separatifi®@1), One can expect
that the plasma crystals produced under microgravity conditions will be in the most normal, isotropic, stress-free state
which can be obtained in complex plasmas. Microgravity experiments will allow us to have a relatively small number
of dislocations in crystals, which is very important for the comparison with theory.
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Fig. 28. Vertical DL waves observed in a monolayer hexagonal 15f2i6é]. Experiments were performed in a GEC rf chamber in argon gas at
pressure about 1-2 Pa, with plastic particles.8{8n diameter. Particles were illuminated by a horizontal laser sheet of about 200m30ckness.

The waves were excited by applying a (negative) voltage pulse to the horizontal wire positioned at the left edge. Top view of the lattice is shown &
time 1.4-1.5s after the excitation, when the wave packet was well formed. The particles are visible only if they are in the plane of the illuminating
laser sheet. The stripes of particles apparently move from right to left due to the vertical wave motion, revealing the lines of constant ptasé. Indivi
particles do not move horizontally. The numbers on the images indicate the frame number (at 230.75 fps).

Below we briefly mention the main theoretical results for the DL waves in three-dimensional plasma crystals: The
number of acoustic modes which can be sustained in crystals is 3. Since the number of particles per elementa
lattice cell,r, can be more than one (e.g.= 2 for bcc andr = 3 for fcc lattices), the remaining(8 — 1) modes
have an optical dispersion (although these modes can be degelfi@eafe)n the long-wavelength limit, the phase
velocities of the (acoustic) modes are isotropic. Wheal (OCP regime), th&-scaling of the longitudinal phase
velocity, C'DL ~ 5.0(7.0)x~3/2Cp, for a bec (fce) lattice, is different from that for one- and two-dimensional model,
whereas the transverse acoustic velocmy,,_ ~ 0.19Y2Cp, has the same scalifig31]. Note that in comparison
to monolayers, Egs. (88) and (89), the magnitude of the phase velocity in three-dimensional crystal is larger for th
longitudinal mode, and is smaller for the transverse mode. For arbitrane can obtain the phase velocities of all
modes in the long-wavelength limit by using the results for the elastic constants of Yukawa crystal33é]p.,

It is noteworthy that the wave modes in three-dimensional plasma crystals are similar to those in solids. There
fore, the comprehensive investigation of particle dynamics in plasma crystals can give us an excellent opportunit
to study generic wave phenomena—mode interaction, umklapp processes, phonon scattering on defects, etc.—at
kinetic level.
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9.4.4. Instabilities in plasma crystals

There is a number of different mechanisms which can trigger wave instabilities and cause eventual melting of
plasma crystals. Some of these instabilities can operate irrespective of the phase state (although, the parameters of
instabilities depend on the coupling paramdigrsome are peculiar to plasma crystals, and some can set in only when
the crystal has a particular dimensionality (e.g., the instability can be triggered in monolayers only). The common type
is the ion streaming instability, which is similar to that discussed in Section 9.2.2. For strongly coupled and crystalline
states the instability threshold was calculated in |BS8]. It was found that the strong coupling generally leads to an
enhancement of the growth rates. The major wave instabilities peculiar to plasma crystals are

(i) Wake-induced instability in three-dimensional crystals: The charged grains suspended in rf sheaths or dc striation:
often assemble themselves into the so-called “vertically aligned” hexagonal lattices (see Section 10.3). Such structure
can only be stable at sufficiently high pressures. When the pressure (and, thus, the dampipydateeases below
a certain threshold the particles start oscillating horizontally, which indicates the instability[@88ktThe further
(relatively slight) pressure decrease leads to an increase of the oscillation amplitude and melting of ti339y344l]

This instability occurs because the presence of wakes makes the interparticle interaction nonreciprocal and, hence, tl
total energy of the particle system is not conserved. The source of the energy is the ion flux. The instability was first
analysed theoretically by Schweigg?88] using the model of a point-like dipole characterized by the wake charge
Zwake located at distancd,yake downstream from the grain. This model yields very good qualitative agreement with
experiments.

(ii) Coupling instability in monolayers: The wake potentials can play a crucial role also for the stability of the
monolayer plasma crystals. It was shown that the interaction of the charged grains with the wake potential of the
neighbouring grains causes a coupling between the in-plane and (vertical) out-of-plane DL wave modes. This coupling
can trigger the resonance instability of the DL waves when the two branches intersect [see, e.g., Egs. (84) and (90)
which occurs when the particle density in the monolayer exceeds a certain thrggtigldAlso, the neutral damping
rate should be low enough, otherwise the instability is inhibited. These two conditions have the following form:

n=4e" (1432 4+ 33 ( QoL /) > 1,
Vdnf, N — 1 Zwake/ Z|(Awake/ )y .

Comparison of the theoretical results with experiments and MD simulations reveals remarkably good ad&8Shent
This mechanism might be the one of the main reasons for the monolayer melting at pressures hélBa.

(iii) Instability due to defects: Another instability mechanism which can be especially important in bilayer crystals is
associated with the so-called “strong defects"—the particles which are located above and below the “complete” layer:
[342]. These particles were shown to be very effective sources of the local heating. The instability due to strong defect:
starts somewhat before the wake-induced instability sets on, and makes the melting transition more smoothed as tt
pressure decreases.

(iv) Instability due to charge fluctuations: Stochastic variations of the grain charges can trigger another instability in
plasma crystalgl36]. The mechanism of energy gain in this case is similar to stochastic heating considered in Section
8.2: the charge variations provide not only an additional Langevin-like term in the equations of the particle motion, but
also result in a multiplicative effect, inducing a parametric instability. The instability can be triggered when the neutral
damping is below a threshold.

2 2
VdnSGZQDL/Qch )

Wherea% is the dimensionless charge dispersion [see also the condition for the instability of a single particle, Eq. (61)].
If the variations of the grain charges are due to the discreteness of plasma (electron and ion) charges then the magnitu
of the dispersion is fairly smalh% ~ |Z|~1, and the instability is only possible at pressures far beldWPa[136].
However, in sufficiently dense complex plasmas the charge fluctuations might be due to the dust grain discretenes
[246], which yields substantially larger vaIuesa%‘ and, hence, the instability can be possible at much larger pressures.
Nevertheless, one should note that so far there were no reliable experiments where this type of instability was clearl
identified.
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9.5. Nonlinear waves

Complex plasmas, as any other plasmas are nonlinear media where the waves of finite amplitude cannot be genersz
considered independently. Nonlinear phenomena in complex plasma are very diverse, due to a large number of differe
wave modes which can be sustained. The wave amplitude can reach a nonlinear level because of different processes:
is not necessarily an external forcing, or the wave instabilities—it can also be a regular collective process of nonlines
wave steepening. In the absence of dissipation (or, when the dissipation is small enough), nonlinear steepening can
balanced by wave dispersion which, in turn, can result in the formati@oldbns When the dissipation is large, it
can overcome the role of dispersion and then the balance of nonlinearity and dissipation can ghoekat@avedn
many cases the lowest-order nonlinear terms are quadratic, and then the weakly nonlinear soliton dynamics is govern
by the Korteweg-de Vries (KdV) equatidB43]. For solitons of arbitrary amplitude, the method of the Sagdeev
pseudopotential is very convenigB#4]: in particular, this method allows us to determine the upper value of the Mach
number beyond which the dispersion is no longer sufficient to balance the nonlinearity and, thus, the collisionless shoc
is formed due to “collective” dissipation. The “conventional” dissipation is often determined by viscosity, and then the
shock waves can be described by the KdV-Burgers equEgit$)345] However, in complex plasmas there is a rich
variety of mechanisms which determine nonlinear and dispersive properties of the medium. This generally makes tf
description of nonlinear waves in complex plasmas more complicated.

9.5.1. lon solitons and shocks

The theory predicts that in complex plasmas (as well as in electronegative plasmas) both compressive and rarefacti
dust ion—acoustic solitons are possible (d316,347). It was shown that the properties of the DIA solitons (profile
and the range of Mach numbers where the solitons can exist) are strongly affected by the form of the electron an
ion distribution function, in particular—by the presence of “cold” and “hot” populations (e.g., in space environment)
and trapped electrons (e.g., in laboratory plasmas). The compressive DIA solitons were observed in experiments |
Nakamurg[260] performed in a dusty plasma devise at very low pressyres (L0~2 Pa), whereas in plasmas with
negative ion component also the rarefactive solitons were rep[84&j349] At such pressures the collisions with
neutrals play almost no role, and a weak dissipation does not destroy the profile of DIA solitons as long as the
dissipation time scales are longer than the duration of the soliton exi§231850] As regards the DIA shocks, they
were observed in different experimerfif§9,261,269performed at pressurgs~ 10-°~10 2 Pa. Depending on the
parameter regime (in particular—number density of grains), different dissipation mechanisms can play the major rol
[291,351] along with the ion viscosity (due to collisions with grains), these are grain charge variations (ion absorbtion)
and Landau damping. The general trend is that in the absence of dust the shock front exhibits pronounced oscillato
structure[261] typical for collisionless ion—acoustic shocldb2]. As the dust density increases the peaks become
smoothed and eventually disappear, leaving the monotonic front profile, as sh&ign 29

9.5.2. Dust solitons and shocks

Longitudinal dust solitons of moderate amplitude were observed in experiments by Samsonoj2@&3]and
Nosenko et al273]. Both experiments were performed in rf discharges at low presgpresl.8 — 2 Pg. The solitons
were excited in crystalline monolayers by electrical pulses or by the laser bEgm80shows the evolution of the
soliton propagating along the crysfab3]. Theoretical study of the soliton dynamics is based on the analysis of Eq.
(83). Definingx as the propagation vector and retaining the lowest-order nonlinearity and dispersion terms, the resulting
equation for the nonlinear wave dynamic$463,353]

2 2 2 1
ZTZJrvdnaa—l::Cz% <u+E22)CI;+2Au2> . (91)
Hereu = 0or /Ox >~ —dny/ng is the particle density modulation expressed via the longitudinal derivative of the (in-
plane) displacemengis the long-wavelength DL phase velocity (which is independent of the direction of propagation),
2 is the dispersion coefficient which generally can haitbersign (it has the dimension of squared length), and

is the nonlinear coefficient. Without the frictional dissipation, Eq. (91) is readily reduced to the KdV equation by
employing the stretched coordinates< Ct, t). The soliton can only exist whetf andA have opposite signs, so that

the following relations can be fulfilled: %AA =4¢2/L?= M? — 1, whereA andL are the soliton amplitude and width,
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Fig. 29. DIA shock observed in a double plasma dej264]. Experiments were performed with argon gas at pressure &beut) x 10~2Pa, for

different densities; of the dust particles of about®um diameter. The DIA waves were excited with a positive ramp voltage applied to the source
anode, and the signals were detected by the movable Langmuir probe. The electron density perturbations were recovered from the perturbations
the electron saturation current on the probe.
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Fig. 30. Dust soliton observed in experiments with a monolayer hexagonal [28i8F Experimental conditions and the wave excitation technique
are described ifig. 28 Compression factor4 dn,/n, versus distance to the wire is plotted at different times. The solid lines show the theoretical
fits to the experimental data. The fits and experimental points at later times are offset down.
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respectively, anadM = V/C is the Mach number for the soliton velocity. The Mach number is a convenient control
parameter which defines the soliton profiley = A cosh‘z(cf/L), with ¢ =x — Vr.

In two-dimensional hexagonal latticg53], £2 is always positive and has a very weak dependence on the direction of
propagation is always negative and can depend on the direction substantially, especigthylaBuch a combination
of signs implies that only compressiva & 0) supersonic¥ > 1) solitons can propagate in crystalline monolayers,
as it is observed in experiments. In the nearest neighbour approximatipf, one can calculate parameters of
Eq. (91) by using the results for a one-dimensional sti2Gg],

C? = C3 ¥*[G(x)/x]"
02 = £5K°1G" (1) /61" /[G () /]
A=x[G)/x]" /[G()/x]" (92)

whereG (k) = — In(€° — 1). This relatively simple theoretical model provides remarkably good agreement with the
experiments. If the neutral gas pressure is low enough the friction does not destroy the[268jomhe perturbation
simply slows down, approaching the asymptite= C, and the form of the soliton changes in accordance with the
analytical solution (i.e., the amplitude decreases and the width increases, keeping the “soliton rélafientonst,
seeFig. 30. Thus, one can speak about a “weakly dissipative soliton” when the dissipation time\s@eexceeds

the time scale of the wave itset,Qp 1.

The theory predicts in-plane transverse (shear) solitons in two-dimensional IE8883sas well as the solitons due
to the coupling between longitudinal in-plane and vertical out-of-plane m@&d$ Such solitons, however, have not
yet been observed in experiments. There have been also a number of theoretical papers on properties of the DA solitc
in gaseous complex plasn287,355-359]but no experiments have been done so far.

As regards the dust shock waves, this topic still needs to be explored, both theoretically and experimentally. Th
theory of shocks in weakly coupled complex plasmas has been studied, e.g., I3&&f361] It was suggested that the
major dissipation mechanism providing the shock formation can be the dust charge variations, and the weak shocks ¢
be described by the KdV-Burgers equation. These results, however, have better applicability to the space environme
where the complex plasmas can be found in the gaseous state and where the charge variation effects are nor inhibi
by the gas friction (see Section 9.2.2). For the strongly coupled plasmas, the generalized hydrodynamic approac
(see Section 9.3) was propog&d2,345] This approach suggests that weak shocks cannot be described by the KdV-
Burgers equation in general cd84.2]. In experiments, “pure” shocks were only observed so far in two-dimensional
crystals[264,265] (Term “pure” implies here that the momentum exchange in dust—dust collisions prevails over the
momentum loss due to neutral gas frictiogg > vgn, SO that charged grains have properties of one-phase fluids, see
Section 6.3.) These shocks (generated by electrical pulses, like the solitons in expef2t@htsaused melting of
the crystal behind the front, as shownHig. 31 As the shock propagated and weakened it was seen that the melting
ceased. Further propagation of the pulse was in the form of a soliton, as described above. Other examples of stro
dust discontinuities were observed in microgravity experiments with a rf disciar@ and in ground-based dc
experiment$280]. In both cases the shock-like structures were triggered in three-dimensional complex plasmas using
gas pulses. The experiments were performed at high gas pressures about 50-120 Pa, when the friction dissipation is v
strong,van ~ 100-300 5. Nevertheless, the “shocks” were observed during a few seconds almost undamped, which
suggests that there must be a mechanism of strong energy “influx” into the structures (e.g., modulational instability)
Therefore, the dust discontinuities observed in R@#9,280]should rather be referred to as “dissipative structures”
where pure hydrodynamic effects presumably play minor role.

9.5.3. Mach cones

Dispersion relations of dust modes in complex plasmas suggest that, irrespective of the plasma state [see Egs. (7
(81), (82), (87)] the phase velocity attains the maximal value in the long-wavelength limit. For acoustic modes this
velocity—the “sound speedC—is finite and therefore, similar to conventional media, the supersonic perturbations
(i.e., with Mach numbeM = V/C > 1) are always localized behind the object which produces these perturbations
(this can be a rapidly moving charged particle or a bunch of particles, biased probe, etc.). The perturbation front ha
a conical form in a three-dimensional case and therefore it is called a “Mach cone”. In a two-dimensional case the
same name is adopted, although the front is a planar V-shaped perturbation. The openipgoéitggefront at large
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Fig. 31. Dust shock wave propagating in a monolayer hexagonal |§&64. Experimental conditions and the wave excitation technique are
described irFig. 28 Initially undisturbed particles (a) were swept from left to right (b) and (c) forming a shock with a sharp front. The lattice melted
behind the front. At later times (d) the shock weakened due to the neutral drag and a soliton was formed.

distances from the object (where the nonlinearity should not play important role) is determined by the well-known
relation siou=C/V = M1,

Originally, it was suggested that the Mach cones (wakes) can be excited in space dusty plasmas—e.g., in planeta
rings by big boulder§362,363]moving through the dust at a velocity that is somewhat higher @hdinwas expected
that the discovery of Mach cones and the measurements of the opening angles during the Cassini mission to Satu
will yield new information on the dusty plasma conditions in planetary rings. Unfortunately, no Mach cones detected
during this mission were reported. The Mach cones in laboratory complex plasmas were discovered by Samsonov et &
[254,255]in two-dimensional plasma crystals. They were generated by single particles spontaneously moving beneatt
the monolayer along straight trajectories. (The physical mechanism which drives such motion is still an open issue
for one of the possible explanations, $864].) In experimentg271] the Mach cones were excited by the radiation
pressure of a focused laser beam. The wake reveals a multiple cone structure behind the front, as Bigowsa in
Generally, the wake structure is determined by the dispersion and nonlinear properties of particular wave modes excite
behind the fronf{353,365] The formation of the second cone behind the first one, with the opening angle smaller for
the second cone can be prescribed to the shear (transverse) waviB&®B366] because the (longitudinal) sound
speed is larger than the shear phase velocity [see Egs. (88) and (89)]. Also, the shape of the cone wings can be affect
by the inhomogeneity of the particle density, as suggested in[8&f]. It was proposed to use the Mach cones as a
tool to determine the local parameters of complex plasj@@$,363] e.g., particle charge and the screening length,
making use of the measured sound speed.

10. Phase transitions in strongly coupled complex plasmas
10.1. Strong coupling of dust species

As we discussed in Section 6, the interactions between different species in complex plasmas are quite diverse ar
depend on relations between the plasma characteristic parameters. One of the fundamental characteristics of a mat
particle interacting systemis the coupling parametdefined as the ratio of the potential energy of interaction between
neighbouring particles to their kinetic energy. For the Coulomb interaction between charged particles,
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Fig. 32. Mach cone observed in a monolayer hexagonal I§2E%]. Experiments were performed in a GEC rf chamber in krypton gas at pressure
about 1.2 Pa, with plastic particles of9gum diameter. The cone was excited by a supersonic particle which moved spontaneously beneath the
monolayer. (a) Particle velocity vector map derived from particle positions in two consecutive video fields, (b) grey-scale speed map, and (c
grey-scale number density map. The first cone consists of particles moving forward, and it coincides with the high density region. The second cor
has particles moving backward, and it coincides with the low density region.

whereA =n;l/3 characterizes the average interparticle spacing7awetiaracterizes their kinetic energy. The system is
usually called “strongly coupled” whdn2 1. For a Yukawa-type interaction, the “actual” coupling ratio is characterized
by “screened” coupling parametEg = I exp(—x), where

K=—,
A
is the structure (or lattice) parameter—the interparticle spacing normalized by the effective screening length.

Most theories developed so far to describe the properties of dusty plasmas employ the following model: negativel
charged particles are trapped within the plasma volume due to some confining force (usually of electrostatic characte
and interact with each other via the isotropic Debye—Hiickel (Yukawa) repulsive potential, with the screening determine:
by the plasma electrons and ions. This model gives rather simplified picture of dusty plasma behaviour and is nc
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Fig. 33. Phase diagram of Debye—Huckel systems, obtained from numerical modelling. Open circles correspond to the bcc—fcc phaggdtjundary
The fluid—solid phase boundary (melting line) is marked by sqU86%, solid circleg370], and triangle$371]. The crosses correspond to jumps

in the diffusion constant, observed in the simulations of dissipative Debye—Huickel sy8#&2y&73] The solid line represents the approximation

of the melting line by Eq. (93), the dashed line is the fit to the numerical data judged by eye.

applicable to some experiments, especially when the plasma anisotropy plays an important role. Moreover, this mode
does not take into account variations of particle charges, long-range interactions, the exact form of the confining
potential, etc. However, the model was shown to be useful in providing qualitative results which are confirmed by
experiments, and hence it may be considered as a reasonable basis to construct more sophisticated models in futur

10.2. Phase diagram of Debye—Huckel (Yukawa) systems

Besides complex plasmas, particles interacting with a Debye—Huickel potential have been extensively studied ir
different physical systems ranging from elementary particles to colloidal suspensions. Not surprisingly, their phase
diagrams have received considerable attention. Various numerical methods (usually, MC or MD simulations) have
been employe{B37,368-373]

In our case, the static properties of the system are completely determined by two independent dimensionless parar
etersI” andx = 4/ 4. Fig. 33shows the phase diagram of the Debye—Hiickel system inthe{plane, summarizing
available numerical results. Three phases were found, depending on the values of coupling and structure paramete
For very strong couplingl’ > I'y, wherel'y, denotes the value df in the melting curve, there are solid fcc and bcc
phases and a liquid phase 0 I'yy. The bce phase is stable at smalivhile fcc is stable at larger. The triple point
is atl” ~ 3.47 x 10° andx ~ 6.90[370].

Of particular interest for plasma crystallization experiments is the form of the melting (crystallization)IGurze
I'v(x) [10,337,369-371,374,373Results obtained for OCP systeias= 0) indicate that the crystallization occurs
atI” ~ 106 [if the distance is measured in units of the Wigner—Seitz radus, /3)~'/3, thenI" ~ 172][376-378]
Different analytical approximations fdfy (k) were proposed (see, e.fL80]). Vaulina and Khrapak375] suggested
to employ the Lindemann criterion where the frequency of the dust—lattice waves is used as the characteristic frequenc
The melting line obtained is

I'me 1+« + 3x%) ~ 106 , (93)

and yields remarkably good agreement with the results of numerical simulatiars Hd (seeFig. 33. One should
note, however, that the arguments used in deriving Eq. (93) are not really rigorous (for instance, there are no clea
physical arguments to justify the choice of the dust—lattice frequency instead of, e.g., the Einstein frequency).

From a practical point of view, a simple criterion is often required, which allows us to judge whether the system under
consideration is in a crystalline or liquid state. Different phenomenological criteria for the crystallization (melting) of



72 V.E. Fortov et al. / Physics Reports 421 (2005)1D3

systems of interacting particles exist, which are often independent of the exact form of interaction potential betweel
the particles. Some of them are convenient for dusty plasmas. Best known is the Lindemann ¢8if&jicaccording

to which melting of the crystalline structure occurs when the ratio of the root-mean-square particle displacemen
to the mean interparticle distance reaches a value @ .15. Another criterion is the value of the first maximum

of the static structure factor in the liquid std880], which reaches a value af 2.85 on the crystallization curve.
There also exists a simple crystallization criterion expressed in terms of the pair correlation function, the ratio of the
minimum to the maximum of which should be approximately equatt6.2 on the crystallization curve. A simple
dynamic crystallization criterion, similar in some sense to the Lindemann criterion, was proposed by Low@8&} al.
According to this criterion, crystallization occurs when the diffusion constant reduces to a valielafompared to

the diffusion constant for noninteracting particles. Later on, it was noted that this criterion holds for both 2D and 3D
systemg382].

10.3. Experimental investigation of phase transitions in complex plasmas

As noted in the Introduction, dusty plasmas possess a humber of unique properties which make these systems ¢
tremely attractive for investigation of different collective processes, including phase transitions. In particular, relatively
short temporal scales for relaxation and response to external perturbations, as well as simplicity in observation, allo
us not only to study static structure characteristics, but also to investigate the dynamics of phase transitions in dete
[187,189,383,384Jsually, phase transitions from crystalline to liquid-like or gas-like states are investigated in exper-
iments. Melting of a crystalline lattice can be initiated either by a decrease in the neutral gas pressure or by an increa
in the discharge power. This can be attributed to the fact that the plasma parameters change under these conditic
in such a way that the coupling paramelgydecreases. This decrease is associated (at least in experiments with the
lowering of the neutral pressure) with a significant increase in the kinetic energy of the dust particles. For example, th
initial temperature which was close to the neutral gas temperéflire T, ~ 0.03 eV) in highly ordered crystal-like
structures increased with the lowering of pressure and structure melting-upea¥ [189] or even~50 eV [384] at
minimal pressures examined in these works. This “anomalous heating” of the dust component in plasmas indicate
some source of energy which is effectively transferred into the kinetic energy of the dust particles. Several possibl
mechanisms of anomalous heating were considered in the literature: Stochastic fluctuation of the particle charge al
energy gain in an external electric figti32,133,135,137,387see also Section 8.2), heating due to ion focusing
(wakes)[238,239,340]see also Sections 8.4 and 9.4.4), spatial variations of the particle 2a8@yd73,236]see
also Section 8.3), and the ion streaming instabilifg85,338](see also Section 9.4.4).

Structural properties of strongly coupled dusty plasmas were investigaféd-ih4,19,188,385,386 rystalline
structures such as bcc, fcc, and hep, as well as their coexistence, were found for certain plasma and particle paramets
Also, the vertically aligned hexagonal lattices—when particles form consecutive hexagonal layers in the horizonta
direction, but vertically they are aligned in strings—were observed. Such lattices can exist because the lower particle
are attracted by the wake potentials of the upper ones, so that this attraction overcomes the mutual particle repulsi
(see Section 5.2). The vertically aligned lattices are quite common for ground based experiments and are usually forms
by particles of a few microns in diameter. For smaller particles the wake effect presumably becomes too weak, so th:
the particles form conventional close-packed crystals.

For the quantitative analysis of the ordered structures of particles observed in the experiment, it is common to us
the following three characteristi¢885]: the pair correlation function, the bound-orientational correlation functions
(rotational invariants) and the structure factor. The pair correlation fungtionmeasures the translational order in
the structure of interacting particles and represents the probability of finding two particles separated by ardistance
[for a gas of uncorrelated particlegy) = 1]. For the case of an ideal crystaly) is a series of delta functions (peaks)
whose positions and heights depend on crystal structure type. The bond-orientational correlation functions measu
orientational order in the structure. For two-dimensional systems, the bound-orientational order (correlation function
Ye(r) is defined in terms of the nearest-neighbour bond angles with respect to an arbitrary axis. For a perfect hexagon
structurefg(r) = 1, while for other phasefg () decays with distance. Finally, the static structure faSté) measures
order in the structure, similar tg(r). It is connected to the pair correlation function via the Fourier transform (see,
e.9.,[376]: S(k) =1+ny [dr(g(r) — 1]e~'". These characteristics are applied for the analysis of static properties of
the highly ordered dust particle structure[Bg5]. In the same work, a comparison between the obtained quantitative
results and predictions of the KTHNY 2D melting theory is drawn.
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Fig. 34. Top view on a hexagonal structure formed in the sheath region of a rf discharge (fragment of one layer is shown, containing 392 particles
of 6.9 um diameter over the arealbx 4.2 mrT12) [387]. Horizontally, the particles are highly ordered and form a hexagonal lattice. Vertically, they
are settled strictly below each other, due to the ion wake effect (see text).

10.3.1. Melting

Let us discuss in more details the process of dusty plasma crystal melting induced by reducing pressure. Typica
image of a quasi 2D plasma crystal obtained in the sheath of a rf discharge is shbign 34 [387] We illustrate
major features of the melting of such crystals with the results of a classical experiment by Thomas and148ifill
The melting was initiated by the continuous lowering of pressure in krypton plasmapfeed? Pa, where the stable
ordered state of dust particles existedpte 22 Pa, for which the system lost any order and formed a gaseous state. The
pair correlation function, bond-orientational correlation function, and kinetic energy of the dust system were measurec
while lowering the pressure.

From this analysis, the four “states” during the melting transition were identified. The first, the “crystalline” state,
is characterized by the conservation of the crystalline lattice in the horizontal plane and chain formation in the vertical
direction as the pressure weakly reduced from the initial value. The particles in the lattice experience thermal oscillation:
and highly occasional large-amplitude nonthermal oscillations—mostly in the vicinity of lattice defects. The second,
the “flow and floe” state, is characterized by the coexistence of islands of ordered crystalline structure (floes) and
systematic directed particle motion (flows). In this state, the translational and orientational orders decrease significantl
and occasional vertical particle migrations to other lattice planes are possible. Particle thermal motion still corresponds t
room temperature;r, >~ 0.2 mmy/s, while directed flow velocities are typically half of this. The third, the “vibrational”
state, is characterized by some increase in orientational order and diminishing flow regions. However, isotropic particle
vibrations with increasing amplitudes appear. Kinetic energy and vertical migrations of particles increase and the
translational order continues to decrease. Finally, in the fourth, the “disordered” state, there is not any translational o
orientational order. The particles migrate freely both in the horizontal and vertical planes. The particle kinetic energies
are hundreds of times greater than the neutral temperéfure: 4.4 eV). Fig. 35shows the quantitative results for
correlation functiong (r) andgeg(r) during melting.

Note that the transition of quasicrystalline structures to fluid states is also observed in dc discharges. This occur
either by lowering the pressure or increasing the discharge current, as was obtained26]Ref.

We should note once again that, strictly speaking, theoretical concepts of 2D and 3D melting are not applicable tc
describe these experiments, because the observed structures are essentially anisotropic—sometimes they are refel
to as “2%-dimensional” crystals. This is not solely because of the wakes, but also due to the fact that the electric forces
exerted in the sheath turn out to be comparable with the interparticle forces. Therefore, the structures become ver
compressed and inhomogeneous in the vertical direction. Hence, the experimental investigation of a monolayer cryst:
melting, as well as experiments on phase transitions in 3D systems under microgravity conditions, might be much mor
valuable.
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Fig. 35. The evolution of translational (triangles) and orientational (squares) order parameters during the phase transition as a funcabn of neutr
gas pressurgl89]. Three regions are shaded: the “crystalline” phase at pressdzPa; the “vibrational” phase at 32 Pa; and the “disordered”
phase at~ 24 Pa. The intermediate “flow and floe” state occurs-&86 Pa.

Fig. 36. The crystallization front (side view) at two different moments about 16 s apart from each other, observed on Earth in experiments with
small particles of 28 um diameter in argon rf discharge at 23[B88]. Each image is a superposition of 10 consecutive video frames (about 0.7 s),
particle positions are colour-coded from green to red, i.e., cooler particles appear redder, hotter are multicoloured.

10.3.2. Crystallization

We illustrate the crystallization process in complex plasmas with the recently reported results obtained on the groun
with small (128um diameter) particlef388]. First, the particles were brought into a disordered liquid-like phase (by
a short pulse of increased discharge power). Afterwards, the system starts recrystallizing. Usually, this results in
homogeneous nucleation, but sometimes this occurs in the fornerystallization front Fig. 36 shows evolution of
the crystallization front with the color-coded particle traces, which gives an impression of the particle temperature. The
front is fairly narrow (about 3—4 interparticle distances) and has a well developed fractal structure. The temperatur
drop across the front is a factor of 2 or 3. This indicates that the observed crystallization is strongly nonequilibrium.
One can also see the interface between different crystalline domains, which has a narrow width (2—3 lattice planes) a
a substantially higher temperature than the crystal domains themselves—direct evidence for interfacial melting. ML
simulations reveal all the qualitative features observed in the experiments.

A very important feature of the crystallization process is that the relaxation of the particle energy proceeds muct
more slowly than in weakly coupled states (when the energy of each particle decays independently due to neutral g
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Fig. 37. Plasma crystal observed under microgravity conditions with the PKE-Nefedov expg@dieiithe symbols denote particle positions in

three consecutive lattice planes. Different kinds of crystal domain can be distinguished, as presented in the lower part of the figure: Indhe left-han
plot the bcc 110 lattice plane is shown, the middle panel presents the fcc 111 lattice plane, and the right-hand one represents the hcp 111 lattic
plane. In some regions intermediate stages are also observed.

friction) [21,388] Transition from one metastable crystalline state to another, lower energy level can take minutes.

MD simulations show that the decay of kinetic energy occurs over much longer time than that estimated from neutral
gas drag. Presumably, this is because most of the energy is stored in the mutual electrostatic coupling, and each loc
transition between neighbouring energy levels releases only a small fraction. In some cases, even when the syste
reaches overall lattice equilibrium, it can remain noisy—caged particles oscillate with rather low frequencies. This can
be due to the possible existence of a few shallow metastable states of the same levels (separated by potential hills

the order of the particle thermal energy). Then the whole system can continuously jump from one state to another, ye
keeping the same type of lattice.

The nucleation and the subsequent growth processes in complex plasmas looks very similar to conventional crys
tallization in overcooled media (e.g., in semiconductors, see &89,390). Therefore, space- and time-resolved
investigation of elementary processes accompanying the nucleation and growth of plasma crystals can be very usef
for understanding some basic microscopic processes in liquid—solid phase transitions.

As regards the crystallization experiments performed under microgravity, we mention the results obtained onboarc
the ISS with the PKE-Nefedov set{21]. The vertically aligned lattices, usually observed in ground-based experiments
with plasma crystals suspended in the sheath, have not been observed in microgravity conditions. The particle chair
are believed to form due to the ion wakes downstream of the particle. In microgravity, however, particles occupy the
bulk region of the discharge where (relatively weak) ambipolar fields cannot induce the wake formation. Therefore, in
microgravity experiments the interaction between particles is almost isotropic.

Instead of the vertically aligned structures, the coexistence of “conventional” crystalline domains—bcc, fcc, and
hcp—was observed in microgravity, as showrFig. 37. The presence of the first two lattice types might indicate
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that the system is close to the corresponding phase equilibrium curve in the phase diagram. A hcp phase, however,
a metastable state in Yukawa systems—it cannot exist when the final (ground) state is achieved. In the experimen
small local fluctuations of the particle density and temperature might result in the transition from the equilibrium fcc
to a hcp phase. These fluctuations can be induced, for instance, by external excitation caused by the vortex motion.

Another possible reason for the hcp domains to appear is the particle size dispersion. The size dispersion implie
a charge dispersion which, in turn, leads to an enormous number of possible particle configurations (and thus lattic
energy levels) within a given lattice type. And, of course, the existence of the hcp domains may simply indicate tha
the actual interaction potential is not of the Yukawa form.

The results obtained so far in experiments on the liquid—solid phase transitions in complex plasmas look quite
promising. In the future, major efforts should be put into the detailed investigations of kinetics of the first order
phase transitions, observing melting and crystallization (annealing) of complex plasmas as well as transitions betwee
different lattices domains. Similar to the investigation of hydrodynamic instabilities discussed in the next section, the
major objective here is to identify the mechanisms responsible for the onset of the transitions on a “quasimolecular
level. Careful experiments along with molecular dynamics simulations can help us to understand the microscopic pictur
and the hierarchy of the processes that govern the transitions. This will also allow us to specify the phase diagramin tt
vicinity of the liquid—solid phase transition. The microscopic processes of particular interest should be the relaxatior
of the particle energy and onset of nucleation in the beginning of the crystallization, criteria for the homogeneous
nucleation or the crystallization in the form of a front, particle accommodation at the interfaces between different
phases, threshold for nonequilibrium amorphous solidification (quenching), and metastable transitions in solids.

11. Fluid behaviour of complex plasmas
11.1. Transport properties

The most fundamental quantities characterizing the dynamic behaviour of the dust subsystem are the diffusio
coefficientD; and the viscosity coefficients, in particular—the shear viscagityThey can be determined using the
Green—Kubo formulaf891]. For instance, the diffusion coefficienti¥; = % f0°° H, (1) dt, whereH, (1) = (v(t)v(0))

is the velocity autocorrelation function, and the shear viscosity, is TJl f0°° H;(t) dr, whereH; (1) = (a(t)o(0))

is the autocorrelation function for the microscopic shear stress. The transport coefficients can be directly deduce
from MD simulations (e.g., by using the Green—Kubo formulas). Diffusion in Debye—Hiickel systems has been studiec
numerically in Refs[337,372—-374,381,392—-394The viscosity coefficients have been determined numerically in
Refs.[321-323] It is important to realize that complex plasmas can be in a broad range of “dynamical states”—from
one-phase fluids to particle tracers, as discussed in Section 6 Bigs@€). Therefore, the transport properties of the
dust subsystem are determined not only by the mutual grain interaction, but also by neutral gas friction.

The standard diffusion theory is based on the assumptiorygﬁavv(t) dr < co. This excludes an important class
of processes called “fractional Gaussian noises”, which leads to particle trajectories that are classified as “fraction:
Brownian motion”[395]. For these processes the mean square displacement scales/aswhereH is called the
“Hausdorff exponent[396]. For H =1/2 we have standard diffusion, féf < 1/2 the resulting motion is subdiffusive,
and for H > 1/2 the motion is superdiffusivi895]. Standard diffusion theory also fails if the velocity probability
distribution function is non-Gaussian but has algebraic tails, so that the vatiang® diverge§397-399] Even for
a Markovian velocity process the resulting motion can be superdiffisive due to the presence of very large velocitie
(Lévy flights).

A classical discussion of all the aspects of anomalous diffusion mentioned above, with numerous physical example
can be found in Ref400]. Anomalous diffusion can be described in the framework of fractional kinggttls402] The
solutions of fractional diffusion equations, like solutions of standard diffusion equations, yield the probability density
of finding a particle at a given position, at a given time. This can be linked to the experiments as particle tracking
data allow not only to determine the shape of the (non-Gaussian) distribution but also to follow its evolution in time
(“coarse graining” techniquig03]).

Statistical properties of particle transport in strongly coupled quasi-2D dusty plasma systems were addressed in Re
[403-407] These systems are 2D in the sense that they consist of several layers, but the motion is restricted to tf
horizontal dimensions. Superdiffusion was observed on short time scales up to 10—20 s due to collective (vortex) motic
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[404] or due to cooperative fast particle cluster excitatiptg], but normal diffusion was observed on longer time-
scales. It was shown that the excitations of fast particles results in non-Gaussian velocity distribution and cooperativel
excited cites appear in form of clusters with power-law size distribut[df§]. In Refs.[404,406]the transition

from superdiffusion to normal diffusion was observed to occur at time scales when the standard deviation of the
particle displacement approaches the mean interparticle distance. Ratynskaypl@8Jaleported superdiffusive
particle transport on time scales for which particles diffuse several interparticle distances and the self-similar nature
of the particle dynamics was confirmed by a combination of different statistical analyses. In this work the position
distribution was shown to be non-Gaussian with exponential tails. The development and propagation of lattice defect:
constitute essential elements in the particle transport. In [R@¥] structural defects in the hexagonal lattice were
identified and tracked in space and time.

So far, there have been only two experiments reported recently on the first attempts to measure the shear viscosi
in liquid complex plasmaf324,408] The particles were pushed by a laser beam and the magnitude of the viscosity
coefficient was then deduced from the resulting profile of the velocities (e.g., by applying the Navier—Stokes equation
with the gas friction terni324]). The experiments were performed under quite different conditions and yielded very
different values of the kinematic viscosity,/mgng ~ 10~%cm?/s in Ref.[324] (which is compatible with the
kinematic viscosity of water) and1 cn?/s in Ref.[408]. Also, the authors of Ref324] argued that both the magnitude
and a qualitative behaviour of the measured viscosity are in agreement with the results of numerical simulations
[321-323] One should bear in mind, however, that strongly coupled complex plasmas are apparently non-Newtonian
liquids and, hence more sophisticated analysis will be required in future experiments.

It is worth noting that one should be very careful in using the numerically calculated transport coefficients, in
particular—in attempts to apply these results directly for the analysis of experiments: there are a number of unresolve
issues, e.g., plasma anisotropy, long-range interactions including shadowing effects, the effect of external forces and/c
boundary conditions, particle charge variations, etc. which still have to be addressed.

11.2. Hydrodynamic instabilities

An interesting question is, of course: How relevant are liquid plasmas for the study of conventional liquids? The
implication is clear—if they are relevant, this opens up a completely new approach to nanofluidics, the kinetic approach
which will then have the major impact on the field. In fact, one of the interesting aspects of complex plasmas (which
was discussed in details in Section 6.3) is that although they are intrinsically multiphase systems, the rate of momentur
exchange through binary (electrostatic) collisions between the microparticles can exceed that due to interactions with th
neutral gas significantly—thus providing an essentially one-phase system (e.qg., fluids) for kinetic studies. Moreover,
comparison in terms of similarity parameters (Reynolds and Mach numbers) suggests that liquid complex plasma:
are remarkably like conventional liquids, e.g., water—observed at the moleculafl6deB24,409] This suggests
that liquid plasmas can indeed serve as a powerful new tool for investigating fluid flows on (effectively) nanoscales,
including the all-important transition from collective fluid behaviour to individual kinetic behaviour (see Section 12.2),
as well as nonlinear processes on scales that have not been accessible for studies so far. Of particular interest cot
be kinetic investigations of instabilities in fluids and the transition to turbulence (e.g.[4R6f). Individual particle
observations can provide crucial new insights—e.g., whether the basic hydrodynamical instabilities (Kelvin—Helmholtz,
Rayleigh—Taylor, Tollmien—Schlichting, etc.) will survive on interparticle distance scales, and whether the transition
to turbulence can be seen at the particle (kinetic) level.

To illustrate fluid properties of complex plasmas let us consider examples of highly resolved shear flows generatec
in a rf discharge chambg¢t91] and shown irFig. 38 In different regions of the microparticle cloud different flow
topologies are observed, with the (average) flow lines being either straight (a) or curved (b). The lower part of the
system is in the crystalline state at rest. The observations suggest that the width and the structure of the transitio
(mixing) layer strongly depends on the geometry. For the planar flow the crystalline interface is remarkably smooth,
with the flow along a particular (crystalline) monolayer. The trajectories of individual flowing particles experience
only weak deflections and the overall flow appears to be stable and laminar. In contrast, the curved flow interface ha
a curious “rough” structure, the flow is unstable and not laminar, a “mixing layer” is formed between the flowing
regime and the crystalline region—this is where momentum transfer takes place. It is also apparent that the mixing
layer becomes unstable at the individual particle level. The microscopic driving mechanism for the instability seen in
Fig. 38b) is identified as the centrifugally driven Rayleigh—Taylor instability. Analysing a whole sequence of such
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Fig. 38. Two examples of highly resolved complex plasma fli4@4]. Experiments were performed in argon rf discharge with particles of diameter
1.28um at neutral gas pressure 22 Pa. The figures show (a) a shear flow over a flat surface plasma crystal and (b) a flow over a curved surface plas
crystal. Note the small angle perturbations in the particle trajectories in (a), and the considerably larger scattering in the curved flow in (b). The
separation between the particles is of the order ofiriQthe flow velocity is (a)~ 1 mmy/s and (b}~ 0.7 mmys.
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Fig. 39. Numerical simulations of the shear flows observed in experiments shokig.iB8 The simulations were performed for the plasma
parameters relevant to the experiment.

images, one can quantify this perturbation in two ways—the fraction of interpenetrating particles, and the fraction of
particles undergoing large angle collisions in the surface layer. For the straight flow, the quantities are (almost) 0%
and approximately 5%, for the curved flow approximately 5% and 30%. This can be understood kinetically in terms
of the higher collision frequency with smaller impact parameter due to particle inertia at a curved surface. This ha:
also been confirmed by numerical simulations as shoviign39(particle velocities are grey-scaled, increasing from
black to white). The simulations were conducted for similar geometry and flow conditions as in the experiments. The
topology of the mixing layer found in the simulations corresponds closely to the measurements, which supports ou
kinetic interpretation.

Another example of the hydrodynamic behaviour of liquid complex plagat®] is shown inFig. 4Q Particles were
flowing around an “obstacle”—the void of sizel004 (equivalent to~100 “molecular” sizes). One can see stable
laminar shear flow around the obstacle, the development of a “wake” exhibiting stable vortex flows, and a mixing layel
between the flow and the wake. The mixing layer is observed to be quite unstable at the kinetic level, with instabilities
becoming rapidly nonlinear. The width of the mixing layer grows monotonically with distance from the border where the
laminar flow becomes detached from the obstacle. The growth length scale is of the order df ademmuch smaller
than the hydrodynamic scaleg(dng/dx) =1 or ug(dug/dx)~2, which would be expected macroscopically in fluids
and refer to the Rayleigh—Taylor or Kelvin—Helmholtz instability, respectively. This rapid onset of surface instabilities
followed by mixing and momentum exchange at scalési.e., the smallest interaction length scale (effective particle
size) available, is not consistent, therefore, with conventional macroscopic fluid instability theories. While this could
not rightfully be expected at the kinetic level, it clearly points to new physics and, possibly, a hierarchy of processe:
that is necessary to describe interacting fluid flows: first, binary collision processes provide particle and momentur
exchange on kinetic scales (a fely, then collective effects (due to the correlations defining fluid flows) take over and
“propel” this “seed” instability to macroscopic scales.
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Fig. 40. (a) Topology of the particle flow around the vpl@9]. Experiments were performed in argon rf discharge with particles of diam&tenB

at neutral gas pressure 64 Pa. The flow leads to a compressed laminar layer, which becomes detached at the outer perimeter of the wake. The ste
vortex flow patterns in the wake are illustrated. The boundary between laminar flow and wake becomes unstable, a mixing layer is formed which
grows in width with distance downstream. The system is approximately symmetric around the vertical axis, the vortices are tori and the wake has
the shape of a flaring funnel (exposure time 15s). (b) An example of the mixing layer—an enlargement of the left side of the flow regime shown in
(a) (exposure time 0.05 s). The points (lines) represent traces of slow (fast) moving microparticles.

Itis noteworthy that even for the planar flow the interface can be unstable, due to Kelvin—Helmholtz ingtillity

This has been observed in the simulations, but for a rather narrow shear velocity range. This can be understood as follow
first, the Reynolds number should exceed a certain threshold to trigger the instability (since the viscosity is finite) and
hence there exists a lower velocity limit. Second, the collisional cross section of particles falls off rapidly with velocity
(x u;“) which leads to a corresponding decrease in the momentum transfer efficiency. Hence a Kelvin—Helmholtz-
type instability must be confined to a narrow flow velocity range. Whilst this principal argument appears to be well
understood, there are some essential elements still unclear, viz. the kinetic trigger of the instability and the velocity
range, quantitatively, where the flow energy can get converted to unstable particle motion.

12. Onset of cooperative phenomena in complex plasmas

Complex plasmas allow us to investigate mesoscopic systems at the “molecular level”, by observing the evolution of
the dynamical and structural properties as the number of charged grains in the system gradually increases. A promisir
direction of study is the physics of crystalline and liquid systems in the limit where the correlation scales are comparable
to or even larger than the system scales. Below we outline the progress achieved so far on these topics.

12.1. Coulomb clusters

Coulomb clusters are the ordered systems which consist of a finite number of microparticles interacting via a repulsive
potential and confined by external forces (e.g., of electrostatic nature). In many cases, the interaction potential is believe
to be of the Debye—Huckel (Yukawa) form, and therefore such systems are also called “Yukawa clusters”. The difference
between the dust clusters and the dust crystals is rather conditional: both systems in fact consist of a finite number ¢
particles. The term “clusters” is usually reserved for systems with the number of paNicglek0>-10%, while larger
formations are refereed to as “crystals”. A more precise definition of clusters would be the ratio of the number of
particles in the outer shell to the total number of particles in the system. For crystals, this ratio should be small. Similar
systems can be formed, for instance, in nonneutral plasmas in Penning or Pajdirhgd 2] where the vacuum
chamber is filled with the ions, as well as in colloidal solutions with macroscopic charged pdditBsExamples
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Fig. 41. Video images of typical Coulomb cluster structures consisting of different numbers of particles (the scales are not the same for the picture
typical interparticle spacing is between 0.3 and 0.7 rf#2§].

of two-dimensional Coulomb clusters are electrons on the surface of liquid g and electrons in quantum dots
[415]. The distinctions between systems are mainly due to different types of interaction potential and different forms
of confining potential.

Historically, clusters consisting of repulsive particles in an external confining potential were first investigated with
the use of numerical modelling (mostly by MC and MD methods). Taking into account the possibility of applying
the simulation results to dust clusters, we mention here REE§-425] Most simulations were performed for two-
dimensional clusters in an external harmonic (parabolic) potential. Such a configuration is usually realized in ground
based experiments with dusty plasma in gas discharges. The simulations show that for a relatively small number
particles in the cluster the “shell structure” is formed with the number of parti¢jes thejth shell(3_; N; = N).

At zero temperature, the unique equilibrium configuratid, (N2, N3, ...) exists for a given particle numbét.

Such configurations are analogous to the Mendeleev’s Periodic Table, the structure of which depends on the shape
the interaction potential, confining potential, and their relative strengths. At finite temperatures, metastable states wit
energies close to the ground state can also be realized.

The first experimental investigation of dust clusters was reported in[&28]. The experiment was performed in
the sheath of an rf discharge. A hollow coaxial cylinder of 3cm in diameter and 1.5 cm in height was put on the botton
electrode to confine the dust particles. Clusters with a number of particles from a few up to 791 were investigatec
Fig. 41shows images of typical clusters with different numbers of particlesFamd42demonstrates a series of the
observed configurations. For larfe the inner particles arrange themselves into a quasiuniform hexagonal structure,
whereas near the outer boundary particles form several circular shells. The mean interparticle separation increases
to about 10% from the centre to boundary.

In Refs.[202,427,428] the rotation of dust clusters around the symmetry axis was studied. In the first work, the
cluster rotation was caused by the laser pressure. Both the rigid body and the differential (intershell) rotation had bee
observed. In two other works, the cluster rotation was initiated by the presence of the magnetic field parallel to the
cluster axis of symmetry (see Section 13). The rotational frequency was found to be linear with the weak magneti
field, although it saturates at moderate magnetic field strgig@i, and it is inversely proportional to the field in the
strong field limit[202].
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Fig. 42. Typical shell configurations of several dust clusters composed of different numbers of p2i6les

Fortwo-dimensional clusters consisting\ybarticles and confined radially in a harmonic potential trap (characterized
by the confinement frequenayg), there exist & normal modesgw, with 1 < ¢ <2N. The normal modes are the
eigenvalues of the cluster dynamical matrix, and the corresponding eigenvectors define the mode oscillation patterr
[418]. For pure Coulomb interaction (lattice parameteis equal to zero) there are three normal modes that are
independent of the particle numbir (i) the rotation of the entire cluster around the centre of the confinement at
o = 0, (ii) the (twofold degenerate) sloshing oscillation of the centre of mass of the cluster in the horizontal potential
well atw = wo, and (iii) a coherent radial oscillation of all particles, the so called breathing modes=a/3wo. For
screened interactiofx > 0), the frequency of the first two modes is unaffected since they do not involve a relative
particle motion. In contrast, the frequency of the breathing mode and all other modes becomes dependedtan
the particle numbeN.

The oscillations of particles in Coulomb clusters were investigat4llia,429—432] To illustrate the experiments,
we discuss the recent work of MelZ4dB1], where the normal modes of 2D Coulomb clusterd/ct 1 — 145 particles
trapped in the sheath above the lower rf electrode were studied. The normal modes were obtained from the therm:
Brownian motion of the particles around their equilibrium positions in the cluster. This method extends the thermal
excitation technique by Nunomura et f156] (developed for extended 2D lattices) to the case of Coulomb clusters.

In Fig. 43 the particle trajectories iV = 3 cluster are shown. One can see that the thermal fluctuations of the
microspheres around their equilibrium positions are small, but they are nevertheless sufficient to determine the mod
spectrum. The six eigenmodes of this cluster calculated for the Yukawa potential are depitéted #. There are the
following modes: the breathing mode=£ 1), rotation of the entire clustef & 2), a twofold degenerate “kink” mode
(¢ = 3, 4), and the two sloshing modes£ 5, 6). The mode frequenciesf (in units of%wg) are also indicated for
k =0. Forx > 0 the oscillation pattern of the eigenmodes is unchanged. Their frequencies, however, decisively depenc
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Fig. 43. Normal mode spectrum of a three-particle clugtdi]. (a) Particle trajectories over 1 min. (b) Six normal modes of the cluster, the mode
frequenciesu% are normalized tc%wg. (c) Measured mode spectrum of the modes. The spectral power density is shown in grey scale, the circles
correspond to the calculated mode frequencies.
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Fig. 44. Calculated mode frequencies of the three-particle cluster as a function of screening &t{d@3dfh The modes are the breathing mode
(¢ = 1), the cluster rotationi¢ = 2), the kink modeg¢ = 3, 4), and the sloshing modég = 5, 6).

onk (seeFig. 44). Obviously, the cluster rotation and the sloshing mode are independentbé frequencies of the
kink mode and the breathing mode increase with

The lowest-frequency mode (LFM) had been identified for different cluster sizes. For small particle numbers the
intershell rotation was shown to be the LFM, whereas for larger clusters the formation of vortex—antivortex pairs were
observed. This behaviour is generally within the theoretical expectations for pure Coulomb gyst8manalysis
of the highest-frequency modes (HFM) had shown that for small clusters, the breathing mode with a coherent radic
motion of all particles is the HFM. For larger clusters, modes with a relative three-particle oscillation localized in the
centre of the cloud provide the highest frequencies. The mode-integrated spectrum shows two broad maxima which a
explained from “shear-like” or “compression-like” modes. The transition from finite number to crystal-like properties
was observed to occur arountd= 12 particles.

Also, we briefly mention results of recent experimdB&5,386where the three-dimensional clusters were observed.
In Ref.[335], the experiments were performed in the adaptive rf electrode chamber (the rf electrode is an assembly ¢
small pixels, each having an independent control of the rf volf488)) filled with argon at pressure 40-80 Pa, with
plastic particles of 8um diameter. By a fine adjustment of the rf applied to a dc-grounded pixel it was possible to
control the number of particles in the cluster and also its shape. The nhumber of particles varied from 4 up to about 20(
In the equilibrium positions the vertical confinement is provided by the electric field of the double layers/striations
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combined with suitable conditions for the charging. Itis unclear if the horizontal confinement is due to plasma pressure
or by internal forces among the cluster components, or by ion drag. More work is certainly needed in order to explain the
formation of such structures. In another experinj886], the so-called “Coulomb balls"—spherical particle clouds, in
which hundreds or thousands of identical plastic sphereglofiis diameter are arranged in clearly separated crystalline
shells—were observed to form in a rf discharge at pressures 50-150 Pa. The particles were levitated by thermophoret
forces, which is accomplished by heating the lower plate, and the radial confinement was provided by a short uprigh
glass tube. The highest order was observed at the outer shells, whereas in the centre the particles were in a liqu
(amorphous) state with no significant orientational order.

12.2. Nanofluidics

The behaviour of ultrathin liquid confined in a mesoscopic gap is a fundamental problem in nanoscience and
technology. As the gap width goes down to the molecular scale, structure and transport properties deviate from th
bulk liquid, under the effects of discreteness, finite boundary, and thermal fluctuation. For instance, the formation of a
layered structure next to the boundary and the sluggish flow with large fluctuation and nonlinear mean velocity respons
to the external stress have been obsef¥8d—438]

In Ref.[439], the microscopic observation of the confinement-induced layering of quasi-2D complex plasma liquids
is reported. The experiments were conducted in a rf discharge3@tPa. Two parallel vertical plates were put on the
centre region of the bottom electrode surface to laterally confine polystyrene particlasnofiameter and, hence,
to form mesoscopic channels down to a few interparticle spacings in the width. Microscopically, the particle mutual
interaction tends to generate ordered triangular lattice-type domains with small amplitude position oscillations, which
can be reorganized through stick-slip string- or vortex-type hopping induced by stochastic thernddétkdowever,
the boundaries suppress the nearby transverse hopgpimgl5shows the snapshots of particle configurations and the
corresponding transverse density distribution for different “number of layBksBasically, at largeN, the density
profiles with decaying oscillation from both boundaries manifest the confinement-induced (two to three) outer layers
near each boundary, which sandwich the more disordered isotropic liquid with a flat density profile in the centre region.
The transition to the layered structure up to the cent® at7 is evidenced by the appearance of sharp peaks of the
density profile. Run G shows the ordered crystal-like structure with four layers.

Itis known, that in contrast to the mean velocity profile with a uniform shear rate for a bulk Newtonian flow between
two oppositely moving parallel plates, in sheared glassy materials such as foams, micelles, dense colloids, and den:
granular systems shear banding is observed. The sheared flow tends to separate into bands with different shear ra
through local stress relaxatigd40-443] It causes the formation of the outer shear bands in which the mean shear
rate, the velocity fluctuations, and the structural rearrangement rate are all enhanced, and leaves a weakly perturb
centre band.

The microscopic dynamics of the shear flow in a 2D mesoscopic complex plasma liquids has been studied at the
kinetic level[444] (with the experimental setup used for studying the confinement-induced layering if¥B&j).

Due to the formation of the nearby layered structure showFign45 the persistent and directional slow drive from

the external stress along the boundary enhances stick—slip type structural rearrangements which cascade into the lig
through many-body interaction. It was found that the flow consists of two outer shear bands about three interparticle
distance in width nearby boundaries and a centre low-rate zone. The former has higher levels of both longitudinal anc
transverse velocity fluctuations. The shear banding phenomenon originates from the local stress release through tl
local rearrangement events adjacent to the boundary.

13. Magnetized complex plasmas

In this section we discuss the influence of external magnetic fields on a complex plasma. In selecting the material
the priority has been given to the experimentally observed phenomena. For instance, we do not discuss here extensi
literature existing on dust waves in the presence of magnetic fields (this topic has been well addressed in other review
and monographs, see, e [@45)).

The influence of external magnetic fields on complex plasmas has been studied in different types of laboratory
discharge plasmas. In the very first experiments by Sato §448,447] where the vertical magnetic field of about



84 V.E. Fortov et al. / Physics Reports 421 (2005)1D3

vyt Tmm 0 2 4 6 8
X Ny

Fig. 45. The typical snapshots of the particle configurations and the transverse particle density distrigytionsjn A-G with decreasing “number
of layers”N (width measured in units of the interparticle spacing), from 11 #39].

4x 1072 T was applied to an argon discharge-a1 0 Pa, the cloud of electrostatically confimed.Opum grains rotated

in the azimuthal direction (horizontally). It was clear immediately that this rotation has no relation to the magnetization
of the particles themselves—neither the radius of rotation nor the frequency were comparable to the gyroradius ar
the cyclotron frequency of particles. Also, the neutral friction rate was much higher than the observed frequency of th
rotation, so that the particle gyromotion was suppressed. Later on, similar experiments were performed by Konopk
et al.[200] at~ 10~2T in a rf discharge with a monolayer of®m particles, as shown iRig. 46 The observed
horizontal rotation of the particle cloud was attributed to the azimuthal component of the ion drag force. This componen
appears because of the azimuthal drift of the ions (flowing down to the rf electrode) in crossed vertical magnetic an
radial electric fields (the latter arises because of weak radial confinement). The angular velocity of the cloud rotatiot
is determined by the balance of the azimuthal ion drag and the neutral friction fBrge47 shows typical images of

the rotating particle clouds observed in experim¢agg].

In terms of magnetization of complex plasma species, one can naturally introduce three ranges for magnetic fiel
B—“weak”, “medium”, and “strong” fields. For the weak fields the ions are not magnetized—the ion cyclotron fre-
quencyf2;=eB/m;,is smaller than the ion collision rate with neutrals, lons become magnetized in the medium field
range, and charged grains—in the strong field range (the latter means that the dust cyclotron fr@gueat¥| B /m
exceeds the neutral damping ratg). Obviously, the “transitional” magnitudes 8fare proportional to the neutral
gas pressure: fgp ~ 10 Pa, the ions typically become magnetize®at 0.3—1 T, and the micronsize particles—at
10-30T. While the meaning of the strong fields is clear—this is the range where the gyromotion of charged particle:
can be directly observed, the division into weak and medium fields is introduced because of the fact that the azimuth:
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Fig. 46. Sketch of the experimental setup for the complex plasma experiments in a magng@0€gld
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Fig. 47. Top view on typical configuration of the particle cloud rotating in the magnetic[f0l8]. The vectors indicate the particle displacement
in 20 consecutive frames (frame rate 8 fps). The plots are made for different gas ppeasdrthe particle number in the clodd (a) p = 40 Pa,
N =~ 250 and (b)p = 30 Pa,N =~ 450.

ion velocity scales as QC,-/(Q(Z:i +v2) [201]. Since the motion of unmagnetized particles is mostly driven by the
ion drag force, the rotation of the particle cloud should obey the same scaling. The angular velocity of the rotation
should increase as o« B in the weak field range, attain a maximumat =~ vi,, and then decrease asx B~ lin

the medium field range. Such behaviour had been observed in exper[d¥8itand then was explained theoretically

in Ref.[201].

The azimuthal ion dragFi‘é’, is proportional to the electric field of the radial confinemdrjt, Depending on the
profile of E, (r), the particle cloud can rotate as a rigid body or exhibit a differential rotation, so that the angular velocity
w varies with the distance to the rotation centreand can even change the si@90]. This gives us an opportunity
to study shear flows in strongly coupled complex plasma and observe the shear-induced melting. Note that the frictior
force scales a8,q o« wr and, hence, the rigid body rotation will always be observed wihje ». However, the very
fact of the rigid body rotation does not necessarily implies the linear incredse biit can be just because the coupling
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between particles in the cloud is strong eno(2®0,201] In this case, the angular velocity of the cloud rotation is

determined by the torque balancte“.,‘é’(r) + Fng(r)1r2dr =0.

Recently, experiments with a new type of complex plasmas containing paramagnetic particles have been starte
[449,450] Particles with diameter®2= 4.5um and the magnetic permittivity ~ 4 were suspended in a argon rf
discharge at pressure 46 Pa in inhomogeneous magnetic field. In the region where the particles levitated, the (tunab
magnetic field was up t& ~ 0.1 T with the gradien{vB| ~ 5T/m pointed up. The magnetic field induced a
magnetic moment at each partiokez o< a3B, so that the particles were pulled upward in the direction of the magnetic
field gradient. These experiments made possible to study interaction of magnetic particles with each other and with
magnetic field.

From the observed increase of the levitation height with the increase of the magnetic field, the particle charge an
the thickness of the plasma sheath were estim&ié@]. It was demonstrated that the force due to magnetic gradient,

o« mpg|VB|, can compensate gravity. Therefore, the magnetic fields can serve as a diagnostic tool for the comple
plasma parameters. Also, the possibility of magnetically induced formation of a plasma crystal was discussed. Variou
mutual dust—dust interactions, including the forces due to induced magnetic and electric moments of the grains wel
theoretically considergd50]. It turned out that the electromagnetic forces from particle magnetization and polarization
may result in mutual repulsion as well as attraction. It was found that magnetized grains can coalesce, forming fielc
aligned chains. Analysis of the particle interaction forces showed that at intermediate magnetic fields (used in th
experiment) the particles can agglomerate only if their kinetic energy is high enough to overcome the barrier in the
electrostatic interaction potential.

The experimental results published so far on the magnetized complex plasmas clearly show that these investigatio
can lead to new effects in the study of dusty plasmas. The weak magnetic fields allow us to introduce a new degree
freedom into the system, which makes possible to control, e.g., the interparticle interaction, field of forces, etc. withou
considerable distortion of the discharge parameters. On the other hand, the properties of the discharge plasma itself
poorly known at the medium and, moreover, strong fields. Also, the grain charges may be significantly affected by th
magnetic field. Therefore, comprehensive experimental investigations for such conditions should probably be one ¢
the major directions for the future.

14. Complex plasmas with nonspherical particles

Recently, the first investigations (both experimental and theoretical) of complex plasmas with asymmetric particle:
have been startgd 90,445,451-457]In Ref.[451] the geometrical aspect ratio was- 3, and the first experiments
with strongly asymmetric particles & 40-80) were carried out in Ref452]. It is well known that colloidal solutions,
which have much in common with dusty plasmas, show a much broader spectrum of possible states in the case
strongly asymmetric cylindrical or disk patrticles. In such solutions, liquid phase and several liquid-crystal and crystal
phases with different degrees of orientational and positional ordering can be observed. It is also well known tha
the use of cylindrical probes (in addition to spherical) considerably broadens the possibilities of low-temperature
plasma diagnostics. In Rei#52], where the experimental setup analogous to that showrigin4d was employed,
nylon particles ¢ = 1.1 gcni3) of length 30Q0um and diameters 7.5 and fifn, as well as particles of lengths 300
and 60Qum and diameter 10m, were introduced into the plasma of a dc discharge. The discharge was initiated in
neon or a neon/hydrogen mixture at a pressure of 10-250 Pa. The discharge current was varied from 0.1 to 10 m,
In this parameter range, standing striations were formed in the discharge, which made possible particle levitatior
A neon/hydrogen mixture was used to levitate heavier particles of larger diametenji& larger length (60Am).

In this case, the particles formed structures consisting of 3—4 horizontal layers. Lighter particles levitated in pure neo
and formed much more extended structures in the vertical direction.

The observed structures formed by microcylinders revealed clear ordering. All particles lay in the horizontal plane
and were oriented in a certain direction. One could expect that the orientation should be determined by cylindrica
symmetry of the discharge tube. However, no correlation between the particle orientation and the tube symmetry we
found. Nor could the preferential orientation of the particles be explained by the interparticle interaction, because
individual particles were oriented in the same direction. Presumably, the preferential orientation was related to a wea
asymmetry in the discharge. This was confirmed by the fact that the orientation could be changed by introducing a
artificial perturbation into the discharge. In later experimg¢ast], nylon particles of lengths 300 and 60 and
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Fig. 48. Typical video images of structures formed by cylindrical particles levitating near the sheath edge of an rf dj46Bargae discharge
was initiated in krypton at a pressure of 52 Pa and discharge power of 80 W. The left figure shows a top view, dots correspond to vertically orientec
particles, and the right figure gives a side view.

diameter 1um coated by a thin layer of conducting polymer were utilized. In a dc discharge they formed structures
identical to those formed by uncoated particles of the same size.

Levitation of cylindrical particles was also observed near the sheath edge of a capacitively coupled rf discharge
[453]. In this experiment, the cylindrical particles of length 308 and diameters 7.5 and L& were used, and a
small fraction of very long particles (up to 8Qéh) of 7.5um in diameter was also present. A typical picture of a
structure formed by these particles is showirig. 48 Longer particles are oriented horizontally and mainly located
in the central part limited by a ring placed on the electrode, while shorter particles are oriented vertically along the
electric field. Levitation and ordering of the cylindrical particles occurred only for pressures higher than 5Pa and a
discharge power above 20 W. An increase in the discharge power did not significantly affect particle levitation. The
average distance between vertically oriented particles varied from 1 to 0.3 mm. An increase in particle density leads t
degradation of the quasicrystalline structure and increase of particle kinetic energies. The further increase in density i
impossible because the patrticles start falling down from the structure. Levitation of particles coated by a conducting
polymer was not observed in an rf discharge for the conditions at which the dielectric particles of the same size anc
mass could levitate. Instead, the conducting particles stuck to the electrode, preserving vertical orientation, and som
stuck to each other forming multiparticle fractal clusters with up to 10 particles.

The preferential orientation of cylindrical particles is determined by an interplay between the interaction of nonuni-
form electric fieldp (k) in striations or sheaths with a particle chaeg@nd induced dipold and quadrupol® moments
[456]. The equilibrium state of the rod—the levitation heigbtand the orientation angbe with respect to the vertical
axis, can be found considering the total potential energy of the particle, which includes the gravity contribgtion,
For simplicity, we assume no dependence of the particle chargewndx. Then the energy is determined by expansion
[456]

DE

12/(3co§a—1)+-.- , (94)

dE
Uh, o) ~mgh+ eZ¢ — 7coszoc -

with £ <0 andE’ > 0. The magnitudes of the dipole and quadrupole momentgl&6:459]d ~ 2—14EL3//1 <0and

D~ %eZLZ < 0, whered =In(L/a) with L anda the rod length and radius, respectively. The equilibrium states are
determined by extrema of Eq. (94). Fr@ti /0h =0 (force balance) we get the levitation heiglt which is implicitly
determined byng=eZEo+dE| coga (subscript 0 denotes that the functions are takén=dio). This equation shows

that in addition to the gravity and the monopole electric forces, the dipole force contributes to the balance in vertical
direction. However, this force does not affect the balance noticeably and the levitation height is mostly determined by

the balance of the gravity and the electric force on the total charge, like for a spherical particle.
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The equilibrium orientation is given by the conditidty /0« = 0 (torque balance), which yields two angles= 0
andrn/2, i.e., the vertical or horizontal orientation of the rod is only possible. The condition for the stable angle we get
from the second derivativé?U /00 o (K — 1) cos 2 > 0. Here we introduced the “orientation parameter”:

2d0;  [elEolL £k
D\ 3T )L

K =

wherey, = 24¢?|Z|/LT, is the dimensionless particle potential ahyd= |Eo/Ej| is the spatial scale of the field
variation (in the approximation of a “weakly inhomogeneous figlg’> L). This shows that the quadrupole moment

is important for the orientation—the equilibrium is determined by the competition between the dipole and quadrupole
terms in Eq. (94). The dipole torque turns the rod along the electric field, whereas the quadrupole torque tends to mal
it horizontal. Hence, particles levitate horizontally,= /2, whenk < 1, and verticallyxp = 0, whenK > 1. Using

the equilibrium condition in the vertical directiomg ~ e¢Z Eo, we eliminate the dependence Bp in the expression

for K, and applying the relation betweenand|Z| we derive the following scalingk o A2a4E0_1(y,Te)*3. If we

assume that, does not depend dnandE, = const (the latter is usually true for rf sheaths), tierx A2. Therefore,
the relative contribution of the dipole term is stronger for a longer rod: i§ sufficiently large the rod can levitate
vertically, but for smallert the horizontal orientation is more preferable. Let us apply these results for the analysis
of particle orientation observed in experiments. In a dc discharge, the particle charge is typically larger than in an r
discharge, allowing particle levitation in weaker electric fields. In this case, the dipole moment, which is proportional to
the electric field strength squared, is much smaller than in an rf discharge. This can explain the different orientations c
similar-sized particles: horizontal in a dc discharge, and vertical in an rf discharge. For long particles in rf sheaths, i.e.
when the field is strongly inhomogeneous (< L), the balance of torques which determines the rod orientation is quite
different. Let us consider the vertically oriented rod in the liit< L. In this case, a significant electric field exists
only in a vicinity of the lower tip of the rod. Therefore, the torque due to the dipole moment should be relatively small
(compared to the weakly inhomogeneous case). In contrast, the quadrupole moment torque should be increased, si
the centre of the electric force will be shifted from the centre downward to the lower tip. Thus, the vertical orientation
is obviously unstable in the strongly inhomogeneous case, and the only possible orientation is the horizontal one.
Experimental observation of plasma crystals composed of elongated pa#tled53Jand levitating in dc striations
or in rf sheaths stimulated theoretical study of the wake potentials produced by rod-like charged pagciss] In
general, the appearance of a dipole moment affects the character of the wake—in particular, this provides the additior
rotational degree of freedom related to the rotational inclination of the rod. This can lead to new effects. For instance
in addition to the longitudinal and transverse vibration modes, the lattices composed of rods can have new mode
associated with their rotational motion, similar to those in liquid cry4t86,461] Excitation and interactions of all
these modes introduce new phase transitions and influence those existing in lattices composed of spherical grains. Al
since the wake can affect the interaction of the horizontal (longitudinal) and vertical (transverse) modes for spherice
grains[341], the similar effects should exist for cylindrical particles as well.

15. Possible applications

Dusty plasmas have been present in various industrial applications for many decades. These are, e.g., precipitation
aerosol particles in combustion products of electric power stations, plasma spraying, and electrostatic painting. In tk
beginning of the 1990s it became clear that a large part of contamination found on the surface of silicon wafers after th
manufacturing was not because of insufficient cleaning, but in fact was an inevitable consequence of plasma etchir
and deposition technologies. In most capacitively coupled rf discharge reactors, all particles are charged negative
and levitate close to one of the electrodes. After switching off the discharge they are deposited on the wafer surfac
Submicron particles deposited on the wafer can reduce the working surface, cause dislocations and voids, and redt
adhesion of thin films. Enormous efforts put forth on reduction of the number of undesirable dust particles in industrial
plasma reactors have recently brought positive re§tH8,462]

In recent years it has become obvious that the presence of dust in plasmas does not necessarily have undesirz
consequences. Powders produced by employing plasma technologies can have interesting and useful properties: v
small sizes (from a nanometer to micrometer range), monodispersity, and high chemical activity. The size, structure ar
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composition of the powder can be varied easily in compliance with the specific requirements of a certain technology.
In this connection, two trends can be distinguished in applied dusty plasma ref8464] The first one represents

a development of well-established technologies of surface modification, with the dust particles being now the subjec
of treatment. In order to create particles with specific properties, coating, surface activation, etching, modification, or
separation of clustered grains in plasmas can be adapted. The second important trend is the creation of new nanostruct
materials, like thin films with an inclusion of nanometer-size particles. The typical size of the elements of integrated
circuits in microelectronics is reduced every year and in the nearest future it will likely reach 10 nm. Furthermore, there
is a tendency to replace capacitively coupled rf discharges by inductively coupled ones: the particle trapping is more
difficult in capacitive discharges, which leads to a significant amount of the particles dropping on the surface of the
silicon wafer during plasma processing. Thus, the solution introduced in the 1990s, which was mostly based on dus
particle confinement in special traps, does not work for these devices. This poses a serious problem for the productio
of integrated circuits of the next generation, which demands further applied research of the properties of dusty plasma:

It is known that dust particles are present in the magnetic confinement fusion dg\#6e463—-469] Their origin
is mostly the plasma—surface interaction. In the framework of the development of the International Thermonuclear
Experimental Reactor (ITER) project it became obvious that dust represents a serious safety hazard. ITER, as most «
existing fusion devices, will have the wall parts made of graphite and carbon composites. The tritium implantation into
the carbonaceous dust can result in appearance of dust particles where for one atom of carbon there are two atoms
tritium. The mass of tritium in large devices like ITER may be as high as dozens of kilograms. Such a high amount
raises serious problems related to the safety of the operation—due to the high mobility and chemical reactivity, dus
may operate as a potential carrier of tritium in the case of a severe reactor failure, contaminating substantial area:
Dust can also affect the plasma performance and stability, as well as the operation of fusion devices. Thus, the problel
of dust removal from thermonuclear devices represents one of the most important scientific and technical problem
The main factor being used for its successful solution is presence of the electrical charge at the dust particles. In thes
conditions, the equilibrium particle charge is determined by competition of secondary electron emission and electror
and ion absorbtion from the ambient plasma.

For the electric power supply of spacecrafts, automatic weather stations, antisubmarine buoys, etc., compact al
tonomous power-supply sources with a power about 1-10 kW and an operating lifetime of several years are necessar
At present, photoelectric converters of solar energy, thermoelectric sources with fuel elements R #iPu,
or ?1%g, and thermoionic converters witfPU reactor used as the heat source, are provided. All these sources have
disadvantages, in particular, very low efficiency. Moreover, a nuclear reactor is very complicated to produce. Recently
a new method of the nuclear-to-electric energy conversion was propésed71] The operating principle of the
novel atomic battery is as follows: high-energy particles, which are formed during the decay of a radioactive material,
ionize an inert gas such as xenon. The dissociative recombination of formed diatomic xenon ions results in the effective
excitation of xenon excimers which emit vacuum ultraviolet photons with a wavelength of about 172 nm. These photons
are absorbed on a wide band-gap diamond-based photoconverter and generate electron—hole pairs. Estimates indic
that the total efficiency of a battery utilizing this principle may be as high as 25-35%.

In order to use solid isotopes in the photovoltaic converters, it is necessary to have the isotope surface area as lar
as possible. This is because the mean free path of the ionizing particles in the isotope material is very short (e.g., th
mean free path gf-radiation with the mean decay energy#$r is about 18@um). Therefore, a homogeneous mixture
of gas and isotope dust is a very good option. Excitation of the gas mixture is performedi§-radiation from the
radioactive dust. Estimates show that at a dust size of fir2@nd dust number density of 2A.0° cm~3 it is possible
to obtain the power density 61 W/m3. The gas pressure has to be on the order of 1-10 bar to ensure effective energy
conversion of3- or a-radiation into UV radiation. The main technical problem here is to have a homogeneous gas—dust
mixture at high gas pressures. Recent experiments performed in such systems demonstrate that this j8p8&gible
Processes of self-organization occurring in the nuclear-induced plasmas result in the formation of stationary structure
and, hence, provide relatively homogeneous redistribution of particles over the plasma volume.

16. Interdisciplinarity and perspectives

In this review we have naturally concentrated on complex plasmas as a new physical, hon-Hamiltonian state of matte
that has already provided researchers over the last 10 years or so with many new challenges—both experimentally a
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theoretically. We have discussed broad spectrum of numerous physical phenomena occurring in complex plasma, a
have also pointed out some of the currently predictable developments expected on this new and exciting field in th
next few years.

There is another issue, however, that promises to become as important—possibly even more so— than the inves
gation of complex plasmas per se. This we have ternmgdrtisciplinarity’, which means transferring some insights
obtained from complex plasma research to other fields. This presupposes, of course, that we have “generic” proces:
or that understanding a particular process in one field will help with new and novel insights in another area.

The reasons why this “interdisciplinarity” could be of particular significance for complex plasmas are:

e Complex plasmas can be studied experimentally at the kinetic (individual particle) level—something that for most
systems is only possible when they are static or, at best, exhibit secular variations.

e Complex plasmas are optically thin up to sizes of a few 10’s of cm—corresponding, e.g., to crystals with a few
1000 lattice planes. By selectively illuminating central or peripheral parts one can visualize particular regions of
interest for detailed investigations.

e The characteristic time and length scales of complex plasmas are “stretched” with respect to e.g., atomic or mole«
ular systems—~by typically a factor of a million (atomic systems have seafeand complex plasmas100um;
typical plasma frequencies at plasma densities of @3 are~10° Hz and complex plasma frequencies at
similar charge densities are€l00 Hz). This allows studies at all the relevant physical parameters in “slow motion”
and “high resolution”™—and makes the transfer of insights gained from these otherwise inaccessible measuremen
(in particular for nonlinear processes) extremely valuable.

e Complex plasmas can be “engineered” in different ways, e.g., as predominantly one-component systems, ¢
two-component systems, multi-component systems, anisotropic systems, stratified systems, etc. Hence, differe
dynamical properties can be studied under controlled conditions. This increases the scope for “interdisciplinarity’
considerably.

e There s a class of problems (nano-dynamics) where progress requires studies at the kinetic level—and so far on
complex plasmas offer the chance to do this directly, without using proxy data or accepting interference of the
measurements on the process under study.

e Finally, there is a growing belief that self-organization, scale-free behaviour, universality and fractal structure
growth are generic properties of matter that depend on the interaction forces and external (control) paramete|
only regarding their defined “modus operandi” and that the underlying principles are the same. Investigations a
the most fundamental kinetic level can then be regarded as a “missing link” in our understanding of universality
processes, one that complex plasmas may be able to provide.

Based on the known physical properties of complex plasmas discussed in the review, it is clear then that th
“interdisciplinarity” may be categorized in at least seven areas:

Crystals.It has already been shown that many aspects of crystal physics (e.g., waves) are well reproduced at tf
kinetic level. The exciting tasks for the future lie in the areas of understanding the role of defects in the thermodynamics
investigate nonlinear wave interaction, magnetized and anisotropic crystals, etc. A number of these investigations wi
have an analogue in crystal physics and will lead to better understanding in time.

Crystallization/meltingSo far, it was virtually impossible to investigate this at the kinetic level, although even without
such research a great deal has been learned about different types of crystal growth (from epitaxial to dendritic), clust
formation, etc. Nevertheless, it is quite clear that detailed kinetic studies of phase transitions with complex plasma
will complement our understanding of the elementary processes considerably. This includes nucleation as well as tt
dynamics and structure of crystallization fronts.

Fluids. The onset of cooperative phenomena in fluid flows is one of the prime domains where complex plasmas
can contribute substantial new physical insights. The same is true, however, for self-organization of fluid flows from
laminar shears to turbulence, one of the outstanding problems of hydrodynamics. Investigations at the kinetic leve
promise a rich field of research in the years to come. The issues to investigate are, e.g., the onset of Kelvin—Helmhol
and Rayleigh—Taylor instabilities, interpenetrating flows, nonequilibrium phase transitions, etc., as well as the study o
multi-fluid systems and their interfaces.

Liquid/gas transitionsHere the physical processes occurring at the “critical point” are of great fundamental interest.
The main questions are: what is the universality class of complex plasmas? Is there a critical point in the system—ar
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if so, what are the bulk properties? What is the role of finite particle size? How does particle inertia affect the physics?
and finally—What is the kinetic origin of the scale-free behaviour found at the critical point? There are other topics
also, of course, such as condensation, wave propagation, etc.

SurfacesOne of the most exciting topics here is the study of the onset of “surface cooperative behaviour” when
3D clusters grow larger to become liquid or crystalline balls. This includes the development of surface global modes
from a few discrete modes to finally a continuum treatment, issues that are equally interesting for physics as well as
engineering.

MagnetizationThe physics of cooperative phenomena and strong coupling under conditions when the gyroradius
of thermal particles becomes smaller than their equilibrium separation is another “interdisciplinary” topic of interest
in plasma physics, astrophysics, and solid states. Here, too, insights gained from kinetic measurements (ranging frol
mode coupling of different waves to flow properties) can be extremely valuable in understanding other natural systems

Exotic systemsln future space experiments it may be possible to experiment with so-called “quantum gases”
consisting of interacting Bose—Einstein condensates, each condensate consisting of many billions Rb atoms, for instanc
Whilst this does not yet constitute a “quantum plasma’—the BECs are uncharged—it is nevertheless interesting tc
speculate on and to investigate what happens when, e.g., cold electrons are introduced into the system, or photoionizati
is attempted.

It must be recognized that efforts should be made in the near future for experts from various fields to discuss thes
“interdisciplinary” issues.

17. Conclusion

Despite an almost a century-long history—the first observations of dust in discharges were reported by Langmuir ir
1924[472], the investigation of dusty plasmas has acquired substantial attention only during the last decade, after the
experimental discovery of the plasma crystals. The simplicity of visualization in complex plasmas provides us with
unique opportunity to observe the ongoing processes at the individual particle level. This makes possible the detaile
analysis of thermodynamics and kinetics in the crystalline and liquid phases, provides insights into the mesoscopit
behaviour and onset of cooperative phenomena, yields crucial information about “microscopic” processes driving
critical phenomena and self-organization, etc.

We should, however, also take the long view. Complex plasma research has already made remarkable progress
the investigations of some fundamental and generic processes—ranging from nanofluidics to crystallization at the
kinetic level. This growth of knowledge, which has just begun, will ultimately help us to advance into other fields. This
highlights the “interdisciplinarity” of the complex plasma research.

Advances in understanding the basic processes in complex plasmas can lead to a much broader application p
tential than dedicated technological development is often able to achieve. Complex plasma research—especially tf
fundamental insights gained through novel experiments in space, providing long observation times and conditions no
available on Earth—has already shown that.

The authors tried not only to discuss the current status in the field, by highlighting the most significant experimental
and theoretical results, but also pointed out some important issues to be solved. Now complex plasmas are one of tt
most rapidly growing fields in physics—on average, with more than one publication appearing every day. There is no
doubt, therefore, that these studies will provide new insights into various fields of basic research in the future.
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