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9. Discharges in liquids, complex and
guantum plasmas
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Lecture series contents

Townsend breakdown theory, Paschen’s law

Glow discharge

Electric arc at low and high pressures

Magnetized low-pressure plasmas and their role in material deposition methods.
Brief introduction to high-frequency discharges

Streamer breakdown theory, corona discharge, spark discharge

Barrier discharges

Leader discharge mechanism, ionization and discharges in planetary atmospherres

Discharges in liquids, complex and quantum plasmas

. Thermonuclear fusion, Lawson criterion, magnetic confinement systems, plasma heating and

intertial confinement fusion.
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Opakovani

* We know that E-field deformations lead to different ignition mechanisms / structures

* We talked about filaments, streamers, etc...
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What happens at temperatures and pressures which are significantly higher?
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Electric breakdown in a dielectric liquid

* We distinguish two mechanisms that occur with varying dominance for differently steep leading edges of the applied
voltage:

« MICROSECOND BREAKDOWN: A slowly changing (microseconds and longer) electric field mobilizes ions,
polarizes polar molecules, or causes oscillatory motion (like heating food in a microwave), and through

interaction with the surroundings, it leads to collisions with nearby molecules and the transfer of kinetic energy
into vibrational and thus thermal energy...

Initiation process

VVVvYVYVY

Micro-bubble
Needle clectrode  Fluctuation Bubble cluster Protrusion

. -~ Weak discharge
Joule heating in cluster

NANOSECOND BREAKDOWN: A rapidly changing (nanoseconds) electric field generates negative pressure
through the nonlinear response of a polar/dielectric liquid, creating nanoscopic "cracks" in the liquid—a
phenomenon known as electrostriction. Alternatively, strong heating at the contact between plasma and
electrode is associated with the Zener model of ionization.
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Electrons can accelerate inside voids to sufficient energy for
ionisation.
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Sun et al. 2016 High Volt.
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Nanosecond electric breakdown in a dielectric liquid

1) A rapidly changing (nanoseconds) electric field generates negative pressure through the nonlinear response of
a polar/dielectric liquid, resulting in nanoscopic "cracks" in the liquid—a phenomenon known as electrostriction.

I.  Arapidly changing high electric field at the electrode =>

[I. Creation of negative pressure =>

[ll. Generation of nanoscopic vacancies (literally nano-cracks in water) =>

V. Multiplication of electrons in the nanovacancy similar to a photomultiplier =>

V. Generation and accumulation of free charge =>

VI. Strengthening of the electric field, etc.

Region with

“nanopores” "
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Electrons can accelerate inside voids to sufficient energy for
ionisation.

E‘//kd [t |
e |

Electron multiplication is facilitated by the voids.

2) Alternatively, the Zener model of ionization involves strong heating at the contact between the plasma and the
electrode.

I.  Arapidly changing high electric field at the electrode =>

[I. lonization of molecules via the Zener mechanism =>

[ll. Multiplication of electrons =>
IV. Generation of high current =>
V. Rapid heating of the electrode :
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Nanosecond electric breakdown in a dielectric liquid — scheme 1

1) A rapidly changing (nanoseconds) electric field generates negative pressure through the nonlinear response of
a polar/dielectric liquid, resulting in nanoscopic "cracks" in the liquid—a phenomenon known as electrostriction.

I.  Arapidly changing high electric field at the electrode =>

[I. Creation of negative pressure =>

[ll. Generation of nanoscopic vacancies (literally nano-cracks in water) =>

V. Multiplication of electrons in the nanovacancy similar to a photomultiplier =>

V. Generation and accumulation of free charge =>

VI. Strengthening of the electric field, etc.

Region with

“nanopores”
e (v

Electrons can accelerate inside voids to suffident energy for
ionisation.

e
‘/d ()
e

Electron multiplication is facilitated by the voids.

Nanovacancies are not bubbles, but literally nanometer-sized structures in the direction of the E field

Seepersad et al. 2013 JPD
Shneider et al. 2013 PRE
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Modeling liquid water with electrostriction

» pressure in the liquid created by the electrostrictive force: dielectric

/ permittivity
PpeE=—=| — ) eE =—§aeeoE

eﬁmirical factor for
the fluid

« We can describe a compressible liquid using equations for the conservation of momentum and mass:

density velocity
8p/ 4
— +V:(pu)=0
5 TV (ou)

; [3—” L. V)u] = V(P pe) = ~V(p~ JaceoE?)

o NN
hydrodynamic electrostriction
pressure pressure

Bonaventura et al. 2019 GEC
Shneider et al. 2013 PRE
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Electrostriction and the formation of nanovacancies through cavitation
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Cavitation for a 3ns leading edge of
the applied voltage
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The resulting total pressure arises from the balance/competition between
hydrodynamic and electrostrictive pressure for two differently rapid leading
edges of the applied voltage

Bonaventura et al. 2019 GEC
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Growth of nano vacancies and ionization inside
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Electrostrictive, surface tension, and
hydrodynamic pressure on the surface of a
Pay = (3/4)(cx — 1)505’52 —kso/R—p nanovacancy 5=1.8 nm
experimental
Tolman coeff.

P,y < 0. nanovacancy collapses Pay > 0 nanovacancy expands
ks = 1/(1+28/R.)
e . ) . . ) . /
Equilibrium of kinetic energy of the expanding liquid and pressure forces coeff. of equilibrium

between tensile

d dR\? 4 _dR (3 PR
Y m (< = TRET (2R(a = 1)egeE? — P2 _k, forces
dt< (dt)) o dt (8 (@ = 1eoe 2 U)

ks =~ 0.26, R;, = 1.24 nm

Electron kinetic energy in a nanovacancy
nanovacancy radius

142
18 . . . 30 [ r

E;, = 2t E, / water ionization energy, 10 eV
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Simulation for ry = 100 pm, € =81, a = 1.5, U,= 54 kV, t,= 3 ns, 6 = 0.072 N/m, Ry;=2 nmand k, =1
Bonaventura et al. 2019 GEC
8 Shneider et al. JAP 2015
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(a)

Optical emission spectrum at the start of an ns-pulse of high voltage

Experiment Bilek et al. 2021 PSST
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Optical emission spectrum - interpretation by bremsstrahlung radiation

@) Experimental result
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Interaction of electrons with neutral particles and
the generation of bremsstrahlung radiation,
described by a Maxwell-Boltzmann distribution:
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EEDF (Electron Energy Distribution Function) and

expression of intensity using the emission

coefficient:

_ (E_Emax)2 @ __ -€en
f(E)=A exp (_T) S = g ()

Eal. hc / hc 3
X fhc Qen (1 — m) 1-— EE f(E)dE

A

Bremsstrahlung radiation generated by electrons with a Gaussian distribution
function.

Experiment o (eV) Enax (V) logio K

0-0.25 ns 0.14 1.92 7.7

0-0.5 ns 0.11 2.08 7.7

0-1ns 0.12 2.07 8.2

0-3 ns 0.13 2.85 8.7
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A Gaussian-shaped EEDF is characteristic for
electrons produced by field emission.

Bilek et al. 2021 PSST
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Nanosecond electric breakdown in a dielectric liquid — scheme 1

1) A rapidly changing (nanoseconds) electric field generates negative pressure through the nonlinear response of
a polar/dielectric liquid, resulting in nanoscopic "cracks" in the liquid—a phenomenon known as electrostriction.

[.  Arapidly changing high electric field at the electrode =>

[I. Creation of negative pressure =>

[ll. Generation of nanoscopic vacancies (literally nano-cracks in water) =>

IV. Multiplication of electrons in the nanovacancy similar to a photomultiplier =>

V. Generation and accumulation of free charge =>

VI. Strengthening of the electric field, etc.

try)

Region with

“nanopores”
e ()

Electrons can accelerate inside voids to suffident energy for
ionisation.

e
.-"‘ (ny
e

Electron multiplication is facilitated by the voids.

The generation of bremsstrahlung radiation in this type of discharge was successfully interpreted using
the proposed model with a specific distribution function for electrons, and under the given conditions, it
meets the cavitation requirements. The obtained distribution function also provides clues on how primary
electrons are formed—namely by field emission from water molecules in nanovacancies.

Seepersad et al. 2013 JPD
Shneider et al. 2013 PRE
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Nanosecond electric breakdown in a dielectric liquid — scheme 2

2) Alternatively, the Zener model of ionization involves strong heating at the contact between the plasma and the

electrode.

I.  Arapidly changing high electric field at the electrode =>
[I. lonization of molecules via the Zener mechanism =>
[ll. Multiplication of electrons =>

IV. Generation of high current =>

V. Rapid heating of the electrode, thermoemission
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Nanosecond electric breakdown in a dielectric liquid — scheme 2

» The Zener model of ionization, adopted from

semiconductor physics for the reverse/blocked direction

If we increase the voltage in the reverse direction, it
leads to the separation of charges from the gate layer,
and at low voltages, it does not conduct any current. If
the voltage is further increased beyond a certain
threshold, the electric field intensifies until the electrons
at material impurities begin to ionize through tunneling
where the electric field enhancement is highest.

Electron emission by this mechanism is called the Zener
model and is described by the following equation:

G/(|E| = ¢’nyalE|h™" exp(— m*m*aA® /gh* |E)))

where G denotes the rate of field ionization, q is the
electric charge, h is the Planck constant, |E| is the
magnitude of the electric field, n0 is the number of
impurities, that is, molecules/atoms, on which ionization
can occur through the tunnel effect, a is the distance
between individual molecules, A is the ionization energy
of the molecule, and mx is the effective mass of the
electron in the liquid.
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Nanosecond electric breakdown in a dielectric liquid — scheme 2
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The Zener model of electron tunneling applied to the ionization rate
simulation of streamer discharge in supercritical
liquid nitrogen at 80 bars and 290 K.

4 ps 8 ps

12 ps 16 ps 20 ps

Gy (|l:f|) = 1g"21'z()cz|t_f|h_1 exp (—nzm*aAz/qhzll_‘fl)

intermolecular distance
a=3x10190m

Electron density (10°*m)
=
o
o

1 impurity density (50ppm)
ng = 1083 m=3

effective electron mass

m* = 9.1 x 10731 kg

\ 4

streamer speed ~10% m/s

density of ionized matter ~10%*m—3

15 Sun et al. 2014 IEEE TPS
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signal (x 10° cts)

signal (x 10° cts)

Optical emission spectrum and its
interpretation: superposition of two
blackbody emissions.

Nanosecond electric breakdown in a dielectric liquid — scheme 2
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density in the initial phases of
the discharge from the
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hydrogen spectral lines.

von Keudell et al. 2020 PSST
Marinov et al. 2014 JPDAP
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Nanosecond electric breakdown in a dielectric liquid — unified scheme

and 2021 PSST)

water molecules by direct impact.

* Simulations taking into account both the electrostriction mechanism and the Zener ionization model (Aghdam et al. 2020

* Theory did not confirm the formation of sufficiently large vacancies for the acceleration of electrons to ionize surrounding
Different electron generation mechanisms

Fluid model results

Electrons separated from the OH negative ion provide a current of

applied voltage.

electrons even at lower voltages during the initial increase of the

The local electric field is not large enough to allow for ionization by
direct electron impact on a water molecule; simulations indicate

that this cannot be a dominant or significant mechanism.

Both exponential and linear voltage increases were tested, and
both yield essentially the same results.

16

o (kV)
[e-]

......

~——Linear Ramp

====Pulse
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But this was only a fluid model

Bl

LE_|2F.

El
Figure 1. A schematic presentation and comparison o

of field-dependent ionization of H,O,q and tunneling detachment of
electrons from OH, as a function of electric field magnitude.

The tunneling detachment of electrons from OH,, ions can

be expressed in the following form [23]:
( 4 2m

mA%g|E|
- 2
ex 3 qh |E| ) (2)

Zon,®) = Pow,” Ay

where o, is the number density of OH,, ions in the liquid,

and I, is the affinity energy of an electron in a negative ion
(1.85 eV). The coefficient A ~ 1 depends on the shape of the

potential well.
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Nanosecond electric breakdown in a dielectric liquid — what do we know?

. A detailed local model of cavitation provides an explanation for experimental results (optical

emission spectra) through a suitable fit, which also gives additional information about the
source of primary electrons.

. 3D simulation, in an extreme case, describes with the Zener model a streamer discharge in

liquid nitrogen, which likely cannot be experimentally confirmed directly and under relatively
extreme conditions unrelated to water in a laboratory setting.

. The generation of hot spots and relatively hot plasma is jointly described by optical emissions

through the radiation of an absolutely black body, supplemented by the Zener ionization
model—however, the presence of hot spots has not been confirmed.

. Fluid simulation considering both electrostriction and the Zener model explains the stratification

of pressure in front of the high-voltage electrode, but is not capable of detailing the experiment.

. Moreover, neither model completely describes the breakdown in liquids; there is always a

missing transition from the generation of free charges by primary mechanisms in streamer or
spark-like processes... but the most consistent experimental and theoretical works are on the
trail of this (for example, collaborations like that of colleague Bonaventura and the Academy of
Sciences of the Czech Republic in Prague).

... SO0 we are still waiting for the complete uncovering of the mechanism.
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¥ I Nanosecond electric breakdown in a dielectric liquid — what do we know?

Computers and Mativera (o with Applicatiors 67 {2014 340-149

Three-dimensional LBE simulations of a decay of liquid
dielectrics with a solute gas into the system of gas-vapor
channels under the action of strong electric fields’

AL Kupershiokh*

livwremtyey Insevture of Hydrodpnannics SB RAS, Nevorimirek, Bussia

brnnching
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Moreover, all models do not completely describe breakdown in liquids; there is always a missing transition from
the generation of free charges by primary mechanisms in streamer or spark-like processes... but the most
consistent experimental and theoretical works are on the trail of this (for example, collaborations like that of
colleague Bonaventura and the Academy of Sciences of the Czech Republic in Prague).

... S0 we are still waiting for the complete uncovering of the mechanism.




Microsecond electric breakdown in liquids
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+ Aslowly changing (microseconds and longer) electric field mobilizes ions, polarizes polar molecules, or causes
oscillatory motion (like heating food in a microwave), and through interaction with the surroundings, it leads to
collisions with nearby molecules and the transfer of kinetic energy into vibrational and thus thermal energy...

Initiation process

Micro-bubble
Needle clectrode  Fluctuation Bubble cluster Protrusion

' Weak discharge
Joule heating in cluster

19 Sun et al. 2016 High Volt.
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Microsecond electric breakdown in liquids

» A slowly changing (microseconds and longer) electric field mobilizes ions, polarizes polar molecules, or causes
oscillatory motion (like heating food in a microwave), and through interaction with the surroundings, it leads to
collisions with nearby molecules and the transfer of kinetic energy into vibrational and thus thermal energy...

Electric breakdown in liquid hydrocarbons

IMPULSE BREAKDOWN STRESS, MEGAVOLTS/CM

: ~—
- I
]
|
0 I| | 1 ) 0-C
Te 10 100 1000

TIME, psec

Joule heating, microbubbles formation

Breakdown in sea water

20
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Breakdown Time (usec)

FIG. 3. Peak electrode voltage and voltage at breakdown (joined by solid
line) are shown versus breakdown time, for a series of discharges. Charge
voltage and series inductance were varied to produce different pulse
shapes. N corresponds to the number of extra inductors, 140 uH each,
that were added in series with the load. Large inductance (large N) low
power discharges are seen to lead to long breakdown times, while low
inductance (small N) high power discharges break down much more
rapidly.
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FIG. 6. Breakdown time as a function of vaporization time. Vaporization
time is defined as the time required to dissipate sufficient energy to ob-
serve vapor bubble formation and collapse. The data depicted correspond
exactly to the data shown for breakdown discharges in Fig. 3 (see symbol
legend for Fig. 3). The dashed line has a slope of unity allowing easy
comparison. Breakdown time is seen to be linearly correlated with, and to
lag, the time at which vaporization begins.

Harbaugh et al. 1978 IEEE TEI
Olson et al. 1993 JASA




Microsecond electric breakdown in liquids
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» A slowly changing (microseconds and longer) electric field mobilizes ions, polarizes polar molecules, or causes
oscillatory motion (like heating food in a microwave), and through interaction with the surroundings, it leads to
collisions with nearby molecules and the transfer of kinetic energy into vibrational and thus thermal energy...

Initiation process

VVVeYVYVY

Micro-bubble
Meedle clectrode  Fluctuation Bubble cluster Protrusion

+ Weak discharge
in cluster

Joule heating

+ After the formation of the first streamer discharges in a microbubble (note, these are no longer nano-vacancies
but real bubbles!), there occurs a rapidly fast transfer of a large amount of electric charge, leading to cavitation

in the water wall of the bubble, and the situation (not) explained in the previous parts of the lecture repeats
itself.

(aiﬂlcl ,\
/ (b)(d) (e)
Direct ionisation Imtermission  Direct ionisation  Intermission Repetitive
in water in water pulsed currents

21
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QUANTUM PLASMAS /COMPLEX
PLASMAS / DUSTY PLASMAS




wn =
PN —

T (K)

temperature, log,,

23

Klasifikace hmot\(/plazmatu, kde jsme?

Introduction to complex plasmas — Bonitz et al. 2010

* vlevém grafu ukazuje ¢arkovana modra ¢ara rozdéleni na kvantové a klasické plazma
* x=1 pak znadi stupen degenerace plazmatu chi (x ~ hustota*rozptyl vinové funkce), pro vétsi chi jsou charakteristické
vzdalenosti ¢astic srovnatelné s prostorovym rozsahem vinové funkce a kvantové efekty se stanou stézejnimi

reactors
I T T T T 'I T T T T ] T T T T ] T T T T I T T T T l T T T T I T T 1 T I T T T T I T T -‘ Solar corona
= =y 7 OGP 4
- o > (RHIC) Lightning in
10 F i / - volcanic eruptions
B - g ~\-\\\¥S1m'> & 1
B A oo core white - & 1
- \\1 . Q\\ C/ ’11\\’;1[_&"(} 4
. 191 ‘_\, i o y. \\\ i ]
A ~ =g — .

S E R & L S - o Interstellar g,

- _ _ atoms i
s AR i S in. atom 1 2 space A Arc discharge
- /’, .1 (1] \ ke
o0 G i 5 - 3

I Yulkawa  multilayered _,.// /1 '*le@rlelhO plyn 1 o g
| balls crvstals in metals . E

= ; \, i ,/// = - (5]
i \ P = ] = Noctilucent clouds Wildfires

_d < t I,H‘Ifl/“'(l T
L 5 @ions / ¢ / ] Plumes Lunar surface e
- e 7 . 1 | — . LA
P et D, A I I I T T R O y
0 5 10 15 20 25 30 35 10 Cofhetary tails Z!'Oktopla netary Glow discharge
. isks
density, log,,n (cm™?) ‘.‘)
\ \~ [

10> 10® 10*  10°
Plasma number density [cm ™3]

* | kolektivni chovani |- tedy , korelace v systému“ jsou dany dalekym dosahem Coulombovskych sil
» toto chovani nastava, kdyz energie Coulombovské interakce zacne dominovat nad energii kinetickou a charakterizuje se
tzv. korelacnim parametrem ' (Coulomb(iv parametr gama), ktery je urcen jako podil interakéni energie (s nejblizsim

partnerem) a stfedni tepelné energie systému: | El
F — mn

E
~therm
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Klasifikace komplexniho plazmatu

kolektivni chovani — tedy , korelace v systému” jsou dany dalekym dosahem Coulombovskych sil
toto chovani nastava, kdyz energie Coulombovské interakce zacne dominovat nad energii kinetickou a charakterizuje se
tzv. korela¢nim parametrem T, ktery je uréen jako podil interakéni energie (s nejblizSim partnerem) a stfedni tepelné
energie systému: r_ |l tedy - 7202

Eperm 4meobksT
korelacni parametr se rozprostira od:

l<<1 pro idedlni plyn, pres
>=1 pro silné vazané/korelované systémy (kapaliné podobné), az po
>100 krystalickyckych systém

strucné receno, fenomény prostorovych korelaci/kolektivniho chovani a vytvareni pravidelnych struktur vyjadfuji tendenci
¢astic k minimalizaci jejich potencialni energie skrze vyhybani se blizkému sousedstvi s dalSimi ¢asticemi

Wave dynamics Magnetized flui Electrorheology
- .

5 mm (d) Chain folding

2D crystals v @

Fig. 3. Dusty plasma analogues: (a) nonlinear waves and (b), (c) shocks (Merlino et al., 2012), (d) dust grid pattern in
external magnetic field (Thomas et al., 2015), (e) 2D honeycomb monolayer (Max Planck Institute), f) electrorheological
dusty plasma (PK-4 lab), (g) folding of filamentary structures (Hyde et al., 2013).

Kostadinova et al. 2019 Baylor Uni
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Klasifikace plazmatu

a

dalsim parametrem ke klasifikaci plazmatu je tzv. Bruecknerlv parametr: 71y = —.
ag

ktery popisuje ¢asticovou korelovanost/provazanost v kvantovych systémech, kde dp = 4718712/(111 qz)
je efektivni Bohrlv polomér a a je stfedni vzdalenost mezi ¢asticemi

je zjevné, Ze s rostoucim a parametr roste a tedy dalekosazné sily (napf. Coulombovské) umoznuji kolektivni chovani, na
ukor prostorové limitovanym kvantovym efektim

tento parametr bere v Gvahu rast kvantové kinetické energie pfi vysokych hustotdch a reflektuje tak dopad kvantovych
efektl z prekryvu vinové funkce na nanoskopickych vzddlenostech (dokonce i pro T=0 jsou pfitomny kvantové fluktuace,
které rostou s hustotou hmoty a teplota tedy neni dostate¢né vymluvny parametr)

parametr pak popisuje $kalu rdiznych systéma od slabé provazanych, idealnich kvantovych (s << 1) aZ po
Cisté klasické (ry — 00)

je povSimnuti hodné, Ze i pfes obrovskou rozmanitost znamych plazmat je vznik kolektivniho chovani a strukturalizace
systému popsatelna pouz vySe uvedenymi dvéma parametry: korela¢nim I a Bruecknerovym r

vratime-li se k nasemu fazovému diagramu, pak krystalické formy

hmoty se nachazi pouze v relativné malé oblasti nizkych teplot a I , ]
stfednich hustot, kde I" > I, ~ 100,a rs = rs, ~ 100 : » 7 (RiHIC) -
naopak, druhé dva limitni pfipady I" < 1 a ry < 1 o

jsou kompletné bez struktury

T (K)
\

5 \//"/ o _ Nelectrons
-~ < in atoms
< > \Q

F
_~"complex plasmas

pro silné korelované systémy v iontovych pastech, teprve
pfi 300mK bude elektrostaticka energie vzajemnych
Coulombovskych interakci mezi jednotlivymi ionty dostatec¢né 0
vetsi nez tepelnd energie, a tedy I" > 100

00 . A
Yukawa multilayered / electrons |
L balls crystals in metals
S = | int |
b[herm

temperature, log,,

o Lo v v by b by s b by

20 25 30 35 40

ovsem silné provazané systémy jsou znamy i pfi pokojovych
teplotadch — v tzv. komplexnich (prasnych - dusty) plazmatech

density, log,yn (cm™)




Komplexni plazma — plazma obsahuijici ¢astice (dusty plasma)

Introduction to complex plasmas — Bonitz et al. 2010
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* jde o tfidu prevainé nizkoteplotniho plazmatu (alespon v rozsahu této prednasky) obsahujiciho mikroskopické az
nanoskopické c¢astice
* stéZejnimi problémy komplexniho plazmatu jsou: korelace, dynamika a reaktivita

» Korelace (kolektivni chovani) — vzajemné plsobeni silné nabitych prachovych ¢astic v plazmatickych pastech dava vznik
silné korelovanym plazmovym staviim

* Dynamika — dynamika celého zoo ¢astic vznikajicich v plazmatu a interakce plazmatu s povrchem (plasma-surface
interaction)

* Reaktivita - iniciované chemické procesy v plazmatu a na jeho okrajich/hranicich/rozhranich

) Wave dynamics Magnetized fluids Electrorheology
Sizet  powder (b) :
. A
( ) 1mm -
LABORATORY IS
/ \ s
| - \ aggregate =
Dust Dust : —>
Modeling Probes ’/ 1 pm % 2 (d) Chain folding (&)
Dust \ 4 o 2D crystals
Analogues 3 S— %
nanocluster | %
| NATURE Dust ) INDUSTRY | 1mm|- 5
: Growth =
/ 0
: plasma =
L g . e+ © o
I1AF i+ @ 9 =
o " e

Fig. 3. Dusty plasma analogues: (a) nonlinear waves and (b), (c) shocks (Merlino et al., 2012), (d) dust grid pattern in
external magnetic field (Thomas et al., 2015), (e) 2D honeycomb monolayer (Max Planck Institute), f) electrorheological
dusty plasma (PK-4 lab), (g) folding of filamentary structures (Hyde et al., 2013).

26 Kostadinova et al. 2019 Baylor Uni
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Komplexni plazma — plazma obsahujici ¢astice (dusty plasma)

Introduction to complex plazmas — Bonitz et al. 2010

* fyzika komplexniho plazmatu je pomérné mladé odvétvi ve fyzice plazmatu — nejde jen o prasné plazma (dusty plasma)
ale spiSe obecnéji o: nékolikaslozkové nizkoteplotni plazma obsahujici vedle elektrond, pozitivnich a negativnich iont0 i
nabité nano- ¢i mikrocastice a klastry (cluster, shluk ¢astic), ale také reaktivni atomy a molekuly silné reagujicimi s povrchy

* komplexni plazma je soucdsti tridy tzv- mékké hmoty (soft matter), kterou mizeme popsat slovy Pierre-Gilles delGennes:

Supramolecular substances which exhibit special properties such as macroscopic softness
or elasticity, which have an internal equilibrium structure that is sensitive to external forces,
which process excited metastable states and where the relevant physics is far above the
quantum level [3].

» fyzika komplexniho plazmatu se zabyva oblastmi jako nabijenim prasnych prstenctd Saturnu, elektrickou aktivitou
hydrometeorl v bourkovych oblacich, vznik a depozice nanocastic z nanopraskd apod. DalSimi zajimavymi priklafly jsou
tzv.:

Wignerovy krystaly (za nizkych teplot, nizkych hustot
v potencidlovych jamach umisténé elektrony)

nebo tzv. Yukawa ball (trojrozmérné krystaly z
nabitych prachovych ¢astic v nizkoteplotnim plazmatu)

O ® -

negative ions reactive species,
molecules

PLASMA

+ + o+ plasma sheath + + o+

- = surface, deposited thin films - - =
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Nabijeni castice v plazmatu
Physics of dusty plasmas — Melzer 2019

zcela zasadnim jevem, ktery je tfeba charakterizovat a kvantifikovat je nabijeni ¢astic/klastrd, které jsou vloZzeny do nebo
interaguji s plazmatem

projdeme si tedy fundamentdlni mechanizmy, které ovliviuji nabijeni

zékladnim vychozim bodem bude podminka pro plovouci potencidl ¢astice, tedy I (¢g) = =0
kde @f je plovouci potencial Castice v plazmatu a ten rozumime jako potencial, ~

pfi kterém je suma vSech proud( na ¢astici nulova, Qd je naboj ¢astice

dQq
d

zajimd nas pro zacatek rovnovazny stav (steady-state) a tedy budeme chtit vyjadfit plovouci potencial z danych proud(

rdzné proudy prispivaji k celkovému proudu na ¢astici: proud elektrond, iontl, emise sekundarnich elektron( a
fotoelektrond. Sbér elektron(l a iontll dominuje v laboratornich podminkdach, zatimco druhé dva pak v astrofyzikalnich
plazmatech. Extrakce elektrond vysokym elektrickym polem je také mozna, ovsem ne pro nami uvazované (spise)
laboratorni podminky dale.

zacneme diskuzi pro izotropni Maxwellovské rozdéleni rychlosti iontd a elektrond. Proudy na ¢astici mohou byt popsany
pomoci tzv. OML limitu (orbital motion limit), tedy pokud se nabité ¢astice priblizuji k prachové ¢astici z nekonecna a
interaguji pouze Coulombovsky — podobné jako Rutherford(iv rozptyl

elektrony diky mnohem nizsi hmotnosti maji mnohem vyssi mobility neZ ionty a tedy bude Castice nabita negativné a
mulzZeme tedy uvaZzovat, Ze potencidl ¢astice bude zaporny vzhledem k potencialu okolniho plazmatu. Nakonec budou tedy
pozitivni ionty pfitahovany a elektrony odpuzovany.

, , . Y ., v ie 8kpT; e
Vysledné OML proudy vypadaji nasledovné, pro negativni prachovou ¢astici: i = ma’nie ﬂBm_‘ (1 — k¢;"-)
(a my si je v nasledujici ¢asti odvodime) ' B

8kgT,
V= —ﬂaznee B exp e¢p
TTMme kBTe
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Nabijeni castice v plazmatu

I; = ma’nie SkeTi exp| — ef
* pro kompletnost pak pro pozitivni prachovou ¢astici plati: 5= ! Tm; P ksT;
8k T, e
I = —mta’nee im (1 + P )
Tfme kBTe

* Ve vSech Ctyrech pfedchozich rovnicich je pak a polomér prachové ¢astice, e je elementarni naboj, k; je Boltzmannova
konstanta, n; a n, jsou koncentrace iontt a elektrond, T a m jejich hmotnosti
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I Odvozeni OML proud(

* jakjiz bylo uvedeno, budeme vychazet z podminky, ze ¢p <0 , zZacnéme iontovou castici padajici na prachovou castici

dust
particle ‘Vi,o
) 1P
c
&/ Tb<b. * i
a -

Kde b je zdmérna vzdalenost (jak ji znate z mikrosvéta), bc je jeji kriticka hodnota,apro b < b, dopadneiont na
prachovou castici a pro vétsi hodnotu bude pak jen vychylen

- . . , L =|r x p| =mjvi ob.
plati zména momentu hybnosti (pro nekonecnou vzdalenost a pfi interakci):

- . e Ay s g . -
a I =mivia uvazujeme jeho zachovani (i kdyZz maji ¢astice nenulové rozméry!)

. : : Y f e s 1 2 )
rovnovaha energie pro iont v nekonecnu a u nabité ¢astice je dana Emivi 0= Emivi -+ eqbp

a mUzZeme psat:

2
Lo Lo (v edp \_1 oo fbe _ e
7 1,0 y 1,0 viz,() (1/2)mivi2,0 7 1,0 a2 (1/2)mivi2,0

z ¢ehoz vychazi:
Y bg v (1 — ﬁ)

2
mjvi

; . 2Zegp

N ve . . NPT o =nb, =ma 1——2

a lze odvodit ucinny prufez pro pfipojeni iontu na &astici jako: mivy

interakéni Ucinny prarez je vétsi nez geometricky priifez ¢astice O = na? diky pritomnym elektrostatickym silam,
plati ¢p <0
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Odvozeni OML proud(

df; = oc(vi) dji = oc(vi)niev; f(vi)dv;

iontovy proud je dan:

kde ji = Hnjevj je hustota iontového proudu

iontovy proud je tfeba pak integrovat pres Maxwellovskou rozdélovaci funkci (dle dvodnich predpoklad()

3/2 I s
exp -2 ) with f Flo)dy; =1
ksT;
0

m;
) = 477 v2 ‘

* adostavame: 32 % |
mi 2e¢ =M V;
I, = 4n2a’n;e : f 1-— Plovdexp| —2—1 ) dy
1 1 (27TkBTi miui2 i S8R ksT; !
0
* pfitom vime:
) 3/2
Ii=4n2a2nie( o8 ) X
2y, 2(knTi)?
Fr=—71— os
HE o k!
00 L2 0023(]5 1,02 ) [x e dx = oy forodd n=2k+1
X /v3exp 221 dvi—/ Pviexp[ -2 i) dy 2(kT;) e¢p 0
! kpT; mj kT = —
0 0 ml kBT;
F F
* atedy vysledny proud je: tento vysledek Ize interpretovat jako modifikaci
5 8kpT; €¢p proudové hustoty iontl s jejich termalni rychlosti
Ii =Jma nie — k—T
i B : 8kpTi
Ji = Ri€Vth,i VUth,i =
Tmi
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¥ I Odvozeni OML proud(

. ¢gen ma*(l — edp/keT:) pak popisuje zvétseny interakéni Gcinny priiez prachové &astice pii iontové termalni energii kg 1;

co? je blizko klasickému vztahu (3/2)ksT;

2e :
* pro elektronovy proud plati analogicky, pro kritickou zamérnou vzdalenost: bg =q? (1 + —('Zp) ¢p ®e 0,
mevy o

27kpT. mev2 ) ¢ knT.

5]

32 % J )
* pro rozdélovaci funkci a integraci: I, = —4n2a%n.e ( Hie ) f (1 + 2‘3%) v3 exp (_ 2MeVe ) s

Umin

* spodni mez je dana energii elektrontd k pfekonani odpudivé sily negativni prachové ¢astice Umin = 4/ —2€¢p/me

* pak podobné jako pro ionty:

mevg/Z > mevlzm-n/Z = —epp

2 [ty 1 o

F = Z(kae) exp ( s ) (1 - ePp ) v/xe o

mg kBTe kBTe
2(ksTe)* edp edp -
P = e ™ dy = — (1 —av?
2 m% kBTe exp kBTe / * 2a? (1 )
* atedy: podobny vysledek lze ziskat statistickou Uvahou, Ze tepelny tok
elektron( na ¢astici bude redukovdn Boltzmannovskym faktorem
I, = —ma’nee i exp i ne — neexp(egp/kpTe)
TMe kBTe
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I Diskuze OML proud(

* odvozeni bylo provedeno za predpokladu izotropni Maxwellovské rozdélovaci funkce a iontovych trajektorii bez kolizi

* ovsem vSechny tyto podminky jsou v pfipadé plazmatu v elektrickych vybojich poruseny...

PROC?
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¥ | Diskuze OML proud(

* odvozeni bylo provedeno za predpokladu izotropni Maxwellovské rozdélovaci funkce a iontovych trajektorii bez kolizi

* ovsem vSechny tyto podminky jsou v pfipadé plazmatu v elektrickych vybojich poruseny...

However, all of these conditions are often violated in plasma discharges.

Typically, the ion mean-free path is often not much larger than the Debye length,
especially in discharges in noble gases that have very large cross sections for
ion-neutral charge exchange collisions. Moreover, the particles are trapped in the
space charge sheath of a plasma discharge (as we will see below) where the ion
motion is directed towards the electrodes. Finally, the distribution functions of
electrons is in plasma discharges often better characterized by a bi-Maxwellian or
Druyvesteyn-like distribution rather than a pure Maxwellian [2]. Hence, especially

the high-energy tail of the electron distribution that determines the particle charge
can strongly deviate from the Maxwellian assumption. For a full treatment of all
these processes, thorough numerical simulations [3, 4] are required. However, the
effect of streaming ions and ion-neutral collisions will be further discussed below
using approximations to get a feeling for these effects.
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Neizotropni proudy iontu

ve sténové vrstvé (plasma sheath) je drift iontd ddn externim elektrickym polem a ma dominantni smér, neni tedy dan
Maxwellovskou rozdélovaci funkci, mizZeme psat: >
I = wa“nievn ; f (ui)

pfitom rozdélovaci funkce mlize mit formu: = 1 edp
= [= 1 — erfi
o= (1)

1 2
(]
NI X

2 X
Kde: x = ui/+/2kTi/m; a erf()= ﬁfexp(—yz)dy jsou tzv. chybové funkce (error functions)
0

2ed

- 2 o

pro ionty s driftovou rychlosti Ui >> Uth.i se pak iontovy proud redukuje na | i = a’nieu; (1 - m-uz)
i

ktery ziskdvdme nahrazenim kg7; za miuiz/Z a termalni rychlost rychlosti driftovou

pro srovnani, pivodni proud: [ = rg2nie 8kpT; 1 — ﬂ
Tmj ks T;
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Vliv kolizi na nabijeci proudy

srazky iontl s neutraly signifikantné modifikuji iontovy proud na prachovou ¢astici

v nizkoteplotnim plazmatu ve vzacnych plynech pak plati dominantné A;-;S,[ + Aglow —> Afast + A:iow

uvazujme, jak by tyto kolizni ionty pfispéli k proudiim na prachovou ¢astici...

uvazujme polomér R, kolem prachové Castice, v objemu této koule vede kazda vySe uvedena kolize ke kolekci iontu na
prachovou castici, pravdépodobnost takovéto kolize je asi Ro/fmfp

kde  €mfp = 1/(nnoin) je stfednivolna draha pro kolizi iontu a neutralu, kde Flp hustotaneutralia 03,  je
ucinny prlifez pro vyse uvedenou reakci

Ro
termalni proud iontl skrze tuto koulije I = JTR%nievth,i atedyplati  Icon = rrR%nievth,iE—
mfp
. . , , v/ v 1o 3
totdlni proud bude tedy po secteni proudovych prispévki: 2 edp Ry
Ii =ma“nievmi| 1 — + —
kgT; a Cmfp

zbyva tedy rozumné odhadnout polomér R, , to miZeme udélat tak, Zze R, uréime tam, kde energie interakce iontu a
prachové Castice je v fadu termalni iontové energie, uvazujeme-li Debyeho stinéni pak

ksTi _ Zae  _poap
e 4meoRo

avevysledku (Ry/Ap)® = 0-1(d/KD)2(€¢p/kBTi)2

ed edp \> Ap
T = matmen il L — 22 £ 0.1 -
| = ma“nievm i ( kg T T (kBTi Limnfp

celkovy proud bude pak:
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Nabijeni ¢astice pomoci jinych mechanizm

pozitivni nabijeni skrze fotoemisni proud — UV fotony zpUsobuji emisi elektron(, které pak opousti ¢astici

I, = 8P'ra”ed, exp | — ePp ¢p >0
kBTp

zde §Ph  je koeficient fotoemise, udava pocet uvolnénych elektrond po dopadu jednoho fotonu, ®, je tok
fotoelektron(

emise sekundarnich elektrond po ndrazu elektronu, kvantifikovana pomoci koeficientu sekundarni emise

ktery je silné zavisly od energie pFichoziho elektronu Eg
E E
85(Ee) =7.485 —exp | -2,/ —
Em Em

8kpTe En
Is = 3.731§1na2ne L (1 “+ °p ) exp ( ¢¢p ePp ) Fs p ( )

pak vysledny proud pro ¢p <0. dava:

7Tme kpTe kpTe kpTy 4kp T,
a pro pfipad "¢, > 0 potom:
= () o)
kde jsou vétSina proménnych materialové relativni konstanty a -5
B = +/4e¢p/En Fsy(x) = x? f wSe~ W+ gy
Y
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* zrovnice pro potencidl a OML proudy pak plyne

d i B1i
I = —=0
E e(¢n) % =" o
¢ I = —naznee % exp( B )
THe kpTe
- epn miTen_eexp edn
ks T; meT; n; kgTe

* v tabulce jsou pak uvedené normalizované potencidly v kvazi-
neutrdlnim plazmatu pro rGzné poméry teplot

[ Te/Ti = ) ) ) ) )

1 2 5 10 20 50
H —2.504 —2.360 —2.114 —1.909 —1.700 —1.430
He —3.052 —2.885 —2.612 —2.388 —2.160 —1.862
Ar —3.994 —3.798 —3.491 —3.244 —2.992 —2.660

38

Vodivostni proudy a potencial ¢astice

* pro laboratorni podminky mlzeme casto uvazovat pouze vodivostni proudy — je to dobré pfiblizeni

[100

8 ;
I’ !
‘l

7 ¢ﬂ(Te =3eV,T, =0.03eV) i

Fig. 2.2 OML currents onto a dust particle for different values of electron and ion temperatures.
The intersection of electron and ion current gives the floating potential (the negative electron

current is plotted as positive, here). Other parameters used here are a = 4.7 um and n; = ne =
1 -10° cm—3, which influence only the absolute magnitude of the currents, but not the floating

potential. As an example, the floating potential ¢y ~ —5 V is indicated for the case of T, = 3 eV
and 7; = 0.03 eV

—1.236
—1.645
—2.414
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Vodivostni proudy a potencial ¢astice

ne/ni — 0

1 ,
RHe < Ry |
o)
* pro ne-kvazi-neutralni plazma (sheath, apod.) pak vychazi o
m 4 Te/Ti=100
R
1 epf m;T, ne exp eds g
— i e ol
ksT; meT; nj kgTe
3| Te/Ti=1

0 02 04 06 08 1

Fig. 2.3 Normalized floating potential of a dust particle d = egn /kg T in helium for reduced
electron density n./#;
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Kapacitni model prachové Castice

po ziskani potencialu je dalsim cilem ziskani naboje na prachové ¢astici. Prachovou ¢astici mizZzeme uvazovat jako sféricky
kondenzator: Oy = —~Zge—Cidn , kde Zg e pocet elementarnich nabojl na castici

kapacita koule ve vakuu je ddna: C = 4mepa pokud uvazujeme kouli v plazmatu s Debyovskym stinénim pak

a
C =4mepa (1 + —

o)

ktera se pak pro @ << Ap redukuje na vyraz pro vakuum (mluvime zde o nizkotlakém plazmatu)

pro naboj na castici pak vychazi 7 4mepa kpTe ~

d
e e

co? mbzeme kvantifikovat jako Zg = 695 pro @ = 1 um , yvazime-li pfiblizeni ¢g = —ZkBTe/E., tedy ¢ = —2,
tak aproximativni hodnota naboje prachové ¢astice je
Zd = 1400aumTe,eV

with Te v being the electron temperature in electron volts and aum the particle
radius in microns.

D
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Plovouci potencial s driftem iontu

do Ui/ vth j =1 je potencidl shodny s OML, tedy pripad bez driftu
poté klesa cca na polovic, nacezZ roste opét nad plivodni hodnotu...
Castice je tedy na zacatku vice negativni, aby pak pro vyssi rychlosti

byla pozitivni

minimum je pozorovano pro hodnotu rychlosti kolem tzv. Bohmovy rychlosti

ui ~ vg = (kgTe/m;)'/?

snizeni potencialu je diky snizeni ucinného prifezu interakce (1 — Zeqb/miu.z) 0
vy . i
pro vyssi rychlosti

zvySeni potencidlu je pak diky zvy3eni toku iontd Ri€U{

(0]
|_

m
=

z grafu je také vidno, Ze aproximativni reseni vede k dobrému pfriblizeni o
cev . v ’ , . ’ ’ q')

jiz od relativné nizkych driftovych rychlosti Ui > Vh i
I
4 ‘*\\\\'//.
-4.5 ‘ : - ‘
10° 10’ 10° 10°
u i/ Vih,i

Fig. 2.4 Particle floating potential as a function of the streaming velocity of the ions. The floating
potential has been normalized to the electron temperature, the drift velocity to the ion thermal
velocity. The classical OML result is also indicated. The solid line is the full Eq. (2.12), the dashed
line is the approximation of Eq. (2.13). Parameters: 7./ 7; = 100 in argon
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pouZzijeme dfive odvozeny vztah:

2
A
L = Jtaznievth,i (1 - °fp + 0.1 (eq)p ) —D)

ksTi ksTi) Lmfp

pro zvysujici se stfedni volnou drahu pak vidime
shodu s jednoduchym vysledkem pro OML proudy

pro nizsi stfedni volné drahy pak ¢astice bude méné
negativni a to diky pozitivnimu prispévku kolizi k
nabijeni ¢astice pozitivnimi ionty

Zobnin vysledky numerickych simulaci pak ukazuji
zavislost na poloméru castice

Plovouci potencial a srazky

05 -=+=Zobnina=1 pym |
e —— Zobnin a=5 pm
- - = =Zobnin a=100 pm
1l “n, — collisional current |
\‘\
T,
-1.5¢ ,r’ \-\. \\‘ Ii=71’a2nievth,i <1—%+O.1<
’ b s
’ ~ b
’ % ‘\
. 1
2t LA 1
7 °\. \\
1 s_~ <
I oy
251, OML ]
: epa/kpTe = —2.414
l
10° 10" 10°  10% 10"

mean free path (m)

Fig. 2.5 Particle floating potential as a function of ion mean free path. Parameters: n; = n, =
2.108cm™3, T, = 3 eV, T, = 0.03 eV in argon. The dotted line is the OML result. The solid
red line indicates the result from the collisional ion current according to Eq. (2.15). The blue lines
indicate the results of more sophisticated calculations by Zobnin et al. [16] for different particle
sizes

edp
ksT;

;

AD

Cmntp

)
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Plovouci potencial se sekundarni elektronovou emisi

* pokud se budeme bavit o astrofyzikalnim plazmatu a vezmeme v Uvahu sekundarni elektronovou emisi pak...

» zgrafu e vidét, Ze mUZeme mit i tfi hodnoty potencialu kdy hodnoty totdlniho proudu jsou nulové

* okrajové hodnoty potencidlu jsou stabilni, ta prostfedni neni. Pro okrajové plati: dItot

d¢ ¢p1,3

Thus, if a positive charge +AQ, e.g. an ion, is added to the dust at the floating
potential ¢1,3 the particle potential gets more positive ¢p1 3 — ¢p13 + AP,
which results in a negative total current to the particle that compensates the positive
charge +A Q. Therefore, ¢p1,3 are stable roots. Correspondingly, ¢p2 is unstable.
Any fluctuation of the particle charge near ¢y will switch the potential to either ¢p;

Ie+Ii+Is=Itot=0

<0

or ¢p3.

* jasné z toho vyplyva dllezitd informace: v jednom plazmatu mohou byt
takovéto Castice i pozitivni i negativni

4 (V)

Fig. 2.6 Secondary electron emission current /s, the OML charging currents I and [; as well as
the total current ;¢ as a function of grain potential. The total current vanishes for three values
of the floating potential, where the middle root is unstable, but the two extreme roots are stable.
Hence, positive and negative grains can exist under the same plasma conditions. Parameters are as
indicated in the inset. After [15]
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Casovy vyvoj naboje na &astici

, dQq
vyjdeme-li z dvodni relace: Li(pg) = — =0
ij (g = —
ak mGzZeme psat: , pokud uvazujeme pouze iontovy proud
p p 404 , 8kg T, ey P ) p yp
—— = I, =ma‘nje 1 -
dt Tm; ks T;

skrze kapacitni model pak dostaneme: dQgq ’ 8kpT; | Qge

—— =mwa“nje - —

dr ! Tm; dmegakpT;

rovnice ma nasledujici reseni: ksT;

Q4(t) = Qd,oe_t/ri + 4378061—6

s Casovou Skalou nabijeni
ksT; 1 g0/ 2nmikpT;
T = 4J'T80a 5 = 3 ‘
e ma“cenivh,i e“an;

T = RC

coz v ramci kapacitniho modelu mizeme uvazovat jako ¢asovou konstantu pro kondenzator C 4
= 4w Eena

s typickym termdlnim proudem [ = nazenevth i

nebo z

a
I; = ma’nie Sk i (I _ &% ) R =dU/dI

Tmi kBTi

kBTe 1 _ 80«/2]TmekBTe

e malencvme e2ane

pro elektronovy proud pak podobné Tt = 4mwepa

kdy Te <K T (diky
mobilité elektron) : - :

R=U/I
U =kpTi/e




Nabijeni ¢astice v okrajové vrstvé (sheath) rf plazmatu
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* v rf vybojich nasleduji pohyb elektrického pole
pouze elektrony, ionty a prachové ¢astice nestihaji

(a) (b) 13.56 MHz
A 0
* prachova ¢astice pak bude periodicky v iontovém -1000 -8500
sheathu nebo v mraku elektron( S |plasma -2000 o ;
= i -3000 D -8700
? o
2 Q@ -4000
— -~
A . S| ; =5 -5000 4200 4400
* pro naboj v elektronovém mraku a sheathu pak B dust. 0_6000
lati: g particle / I t/ns
plati W A /o equilibrium  -7o00
N A position -8000
sheath | ~._
. e I -8000
Qa=1Li+1I for0 <t <aT « o T " time %%, 1000 2000 3000 4000 5000
A aT t/ns
Q4q=1 foroT <t <T
Fig. 2.7 Temporal evolution of a dust particle in the rf sh€ath. The inset is a magnification of
the oscillating particle charge. Parameters: a = 4.7 umt, kT, = 3 eV, kT; = 0.03 eV, n; =
1 x 10° cm™3, and the electron flooding is assumed as ¢ = 25% of the rf period. The equilibrium
* kdy o = ne / n; charge then is Zq = 8610 negative elementary chargeg. After [18]

* rovnovaha je dosazena dle relaxacnich dob: Te <K Ti.

kgT; 1 goa/2nmikgT; kT gon/ 2mmekpTe
T, = 4mwepa = | e = 4mepa 5 = .

* rovnovazny stav je dosazen ve tvaru steady-state OML

1 epq mile ne ed
ks T; meT; ng kpTe

45
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* pro plovouci potencial plati, Ze pravdépodobnost dopadu elektronu i iontu je shodna

to zobrazuje graf nize:

Fig. 2.8 Temporal behavior of the dust charge by stochastically collecting individual electrons and
ions. The inset is a magnification of the dust charge fluctuations around equilibrium Z¢q = 8610.
Parameters are the same as in Fig. 2.7. After [19]

charge Q//e

¥ | Stochastické fluktuace

Pi = Pe

0 -8510
2000 8560
'4000 B '8610
-6000 | -8660 .

5400 5600 5800
-8000
-10000 : : : : -
0 1000 2000 3000 4000 5000 6000
time (ns)

* pro velikost fluktuaci naboje prachové castice vychazi ze simulaci a analytickych vypoctl vztah: SZIms ~ 0.51 / Zeq‘

46
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doposud jsme uvazovali o nabijeni jen jedné ¢astice prachu

7 v

pro vysokou hustotu prachu R je velka ¢ast elektron(l vazana

na tyto prachové ¢astice, coz ovlivni plazma samotné a
samozriejmeé taky pak nabijeni ¢astic

uvazujme situaci na obrazku vpravo, pro plazma plati:
ni0 = Ne,0
ng=0
a potenciél
predpokladejme, Ze hustota elektronl v prachovém oblaku

bude skalovana skrze zménu plazmového potencialu v oblaku
pres Boltzmann(yv faktor

= exp( ¢ )
nc ne 0
' kTe

ro plazma elektrickych vyboju plati |épe:
pro p y yboju p p ni = nio

kvazineutralita je spoluurcena i prachem:

nee = nie — ngZge = nie — ngCogq

Systém s vice ¢asticemi a odCerpdani elektronu

a) dust b)
cloud

dust-free
plasma

4 ‘P:O

Y 7
) .,

P<1 P~1 P>>1

potential

space

Fig. 2.9 (a) Sketch of the dust cloud in an extended pristine plasma. (b) Particle floating potential
& and cloud potential ¥ as a function of the Havnes parameter P. Parameters: T./7; = 100 in
argon. Note that the dust charge is proportional to 43 - :ﬁ (c) A one-dimensional section through
the dense dust cloud. The particle potential ¢ and the cloud potential  in different regimes of the
parameter P. After [22]

pritom potencidl prachovych zrn je tfeba brat ve vztahu k potencidlu plazmatu v prachovém oblaku

pfitomnost prachu odsdvajiciho elektrony se pak muze projevit pozitivnéjsim potencidlem, viz obr. b), anglicky se tomu
Fi

ka electron depletion
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* odcerpani elektron( (electron depletion) pfi zvySeném poctu
prachovych c¢astic mize zredukovat potencial plazmatu na
hodnotu potencidlu plovouciho, viz obr. c)

* pouzijeme-li pro popis normalizované potencialy:

_edq A ey
o kB T kgTe

é

* muzZeme prepsat podminku kvazineutrality jako:

exp (lir) 1 dmepa kpTe ng (¢,; B 1}) _o

e e nio

'\

N

P

« kde exp(y) je normalizovand hustota elektron( a P vyjadfuje
tzv. Havnesuv parametr popisujici vliv prachu na plazma

dmega kgTe ng ng
P = —e — = 695 Tc,eV aum—
e e nl,o niy()

+ zdfivéjsiho pak vime: 7, — TE0akBTe s 4 tedy

e e

Zq =

Systém s vice ¢asticemi a odCerpdani elektronu

a) dust b)
cloud

dust-free
plasma

4 ‘PZO

potential

v 7
| .

space
P>>1

P<<1 P=1
Fig. 2.9 (a) Sketch of the dust cloud in an extended pristine plasma. (b) Particle floating potential
& and cloud potential ¥ as a function of the Havnes parameter P. Parameters: T./7; = 100 in
argon. Note that the dust charge is proportional to 43 - :ﬁ (c) A one-dimensional section through
the dense dust cloud. The particle potential ¢ and the cloud potential  in different regimes of the
parameter P. After [22]

. drega kgTe -

@ —¥)

e

* coZ znamend degeneraci potencidld: (qAb — 1&) — Ofor P > 1

* avyslednou hustotu volnych elektron( blizkou nule ne ~ 0
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* Coulomb(v parametr gama (podil interakéni energie (s nejblizSim partnerem) a stfedni tepelné energie systému): " =

...pro zopakovani

T T T T 'I T T T 1 ] | B T T ] T T T T I T T 1 7 l T T T T I T 7 17T i T 1 17T I L
B .
- 7 -{
/ QGP
B (RHIC) 1
L / _.
B ~\-\\\\S1m'> e )
B 5 .Q o core white - \\\ 1
§ \\‘\. - Q\\ O/ Odmn_ Ln"(} 4
- 5
- y10: 2~ & 7 > |
A P e D
- \ ] C\L 77,,/ \n‘Im[l'(:]]h -
o - 2 in atoms
~“complex plasmas /\ & |
5 _ / .
oy .
I Yulkawa  multilayered _ / 'lquerlelhO plyn 7
L balls crvstals in metals 4
2 S /// - =
B \4 = /’/ <
[ trapped . |
i \"'.\/C’iuns/ / L 1
- e k- 1
PRI T [ 0 S S A I YU IPERT SRS U IRTURTENEN T
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Interakce v prachovém plazmatu

Krystalizace systému (tedy vytvoreni pravidelné periodické struktury) nastava pro gama vyssi nez kritické -

ZZeZ

I= 4meogbkpT

hlavnimi silami jsou zde sila gravitacni: 4

Fy=mg = ma’pag

sila elektricka:

" termoporetiCké: _

dalsimi silami mohou byt sila vlivem driftujicich iont(

kombinaci vyse uvedenych sil pak mizeme popisovat systém chyceny v rlzné-rozmérnych pastech

Vzajemna interakce N-Casticovych systému je pak studovana i numerickymi pocitaCovymi simulacemi




51

RUzné-rozmérné pasti pro prasné plazma

2D

i a2 N=12
N=9 N=10  N=18 a hFd
high-
speed
camera
grid
Qelectrode
dust oL =
p:rtides barrier ~ laser = 2
= - - ‘-

N=34

grid
dust

powered electrode

Fig.7.1 (a) Experimental setup for the confinement in 1D a dust cluster. A rectangular barrier is
Placed onto the lower electrode. The dust particles are illuminated by a laser sheet and the particle
motion is recorded by video cameras. (b) Snap shots of the 1D dust cluster for N = 4, 9, 10, powered electrode
and 18. A structural transition in the cluster is seen by increasing the particle number. From 9

t(f)rl() particles a zigzag transition occurs. The size of each image corresponds to 2.8 X 9.1 mm?
om [39])

Fig. 7.2 (a) Experimental setup using an electrode with a parabolic trough for the formation of

2D clusters. (b) Snap shots of the 2D dust clusters with N = 3, 7, 12, 19, 34, and 145 particles
(from [407])

front side top

Fig. 7.5 (a) Experimental setup for the formation

: of 3D ¢l
with three orthogonal cameras (after [47, 48]) et

Fig. 7.6 Raw video still images of a cluster with N = 91 recorded by the three cameras. All
particles are seen in at least two cameras (from [48])

(b) Stereoscopic imaging system
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Studium prasného plazmatu experimentalné

experimentalni setupy pro studium interakce prachu a plazmatu a vzajemné interakce ¢astic

* zobrazovaci techniky pro korektni uréeni poloh
Castic prachu

mirror\

camera

Fig. 6.6 (a) Stereoscopic imaging system using three cameras with perpendicular orier_lta!lioﬂ of
their optical axes. The particles are illuminated with an expanded laser beam. To maximize the
depth of field two of the cameras record the scattered light in almost forward direction. (b) Tech-
nical realization at the University of Greifswald, Germany

front view side view tdp view

Fig. 6.7 (a)—(c) Typical contrast-enhanced images of the stereoscopic imaging system. (d) The
reconstruction algorithm searches in a close area around a particle for corresponding particies 17
other camera images. Only a matching triple is regarded as a particle. Its 3D position is determined
L e ZI/; — as the average of the individual 2D positions
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Studium 3D struktur

* Jde o tzv. Yukawovu kouli, ktera se sklada s nabitych prasnych ¢astic o stejnych rozmérech

* Studovany jsou analogické vlastnosti jako u pevnych latek: krystalizace, tani, vliv necistot na periodickou strukturu, reakce
na deformace, apod.




