Kapitel 1: Elektrostatik

» Elektrische Ladungen und Kraft (Coulomb-Gesetz) F=7f-
« Das elektrische Feld und elektrostatisches Potential

» Dipole

» Die Energie des elektrischen Feldes

e Leiter und Dielektrika im elektrischen Feld

» Die atomaren Grundlagen von Ladungen und
elektrischen Momenten

* Weitere Beispiele in Natur und Technik
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Triboelectric sequence
(Reibungselektrizitat)

« Rabbit Fur (very positive) The items on top are less
e Glass + attractive to _e_lectrons and
« Human Hair become positively charged
*  Wool

» Cat Fur o5

« Lead 1 -

+ Silk RV

Human skin, Aluminum

 Paper
e Cotton .
«  Wood ¥

* Amber (Bernstein)

e Rubber (hard)

e Copper, Brass

e Styrene (Styrofoam)

« Polyethylene (like scotch tape) - the items on the bottom are

- Polypropylene Vinyl (PVC) more attractive to electrons

« Silicon, Teflon (very negative) and become negatively
charged.
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Triboelektrizitat

I. +
. ?
Il:| ﬂl contact“separate OR

(+) piece

(-) piece
@ (+) potential
W (-) potential

"When dielectric materials are brought into contact and then separated, they develop static
electricity. For centuries, it has been assumed that such contact charging derives from the
spatially homogeneous material properties (along the material's surface) and that within a given
pair of materials, one charges uniformly positively and the other negatively. "

The Mosaic of Surface Charge in Contact
Electrification
Grzybowski et al., 308, 333, Science (2011)
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Triboelektrizitat

A [. il B PDMS
— —
contact III separate OR -

C PDMS/PDMS 0

{J piece () piec
B (+) potential
| (-) potential

"We demonstrate that this picture of contact
charging is incorrect. Whereas each contact-
electrified piece develops a net charge of
either positive or negative polarity, each
surface supports a random “mosaic” of
oppositely charged regions of nanoscopic
dimensions. "

The Mosaic of Surface Charge in Contact
Electrification
Grzybowski et al., 308, 333, Science (2011)
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Triboelektrizitat

Correlation between nanosecond
X-ray flashes and stick-slip
friction in peeling tape

Putterman, et al., Nature 455, 1089—
1092 (2008).

While being unpeeled, sticky X-ray image (superimposed)
: tape emits light ... and x-rays. of a human finger taken using
video The light emission occurs due to ~ X"rays emitted during sticky
charge separation (taking place ~ @P€ peeling. 'Estlmate: 1
due to friction) and charge electron in 10'000 generates
recombination. X-ray upon recombination.
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Home experiment...

Turn on the tap
until you have
a very thin
stream of water.

Slo wly bring the comb
towards the water,
10 em below the tap.

Seme objects,
like hair and
plastic, develop
an electrical
charge When
rubbed together

The charge inyour

< comba rag'rf

| tiny electrical

chargef inthe
I.vafeﬁ mo:‘icuhs,
[ |When the comb is .'" go I:‘agrd_tel';'“

aboutfem away, R
Run the comb ‘H—-rougi—n the water bencls' /\ T

yo r hair fe\.feral foWarJy r‘l‘ m
s __ www.physics.crg mwerdlul“trutm:l. charge |
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Milikan’s Experiment

Robert Millikan
USA, 1868-1953

elektrisch Nobel: 1923
Kammer-
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Milikan’s Experiment

Tropfchen sinken

———
—- \ ;
ml
[=4 Robert Millikan
FE USA, 1868-1953
Nobel: 1923
Phys. Rev. Il (2), 109 (1913)
Krafte
4
Gewichtskraft Fe=m-g= 3 o po-g
4
Auftriebskraft Fy = 3P g
Reibungkraft Fr = 67rv
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Milikan’s Experiment

Sinken im Feld Steigen im Feld

Robert Millikan

+l R
Vi

=4

FE - USA, 1868-1953
=it U -r' Nobel: 1923
Phys. Rev. Il (2), 109 (1913)

[

<
—

T4 Ty

Krafte
4 3

Gewichtskraft Fp=m-g= 3™ pog

4 .
Auftriebskraft Fy = 3 - pp-g Im Schwebezustand:
Reibungkraft F. = 6771V FoFa=Fe

=

Elek. Kraft Fe=q- E=L (IJEIZ?\Teentar Ladung e
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Coulomb's law: torsion balance

Charles-A. de Coulomb

France, 1736-1806

===
Spiegal -
___fEFa:B
Licht- o a,
siranl
o

/ Isalator

Abh. 1.3, Coulombsche Drehwaage
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Feldlinien

Abb, 12, Elckirische Feldlinien, Kraft Fir) auf cine La- Abb. 110, Elektrische Full_ll.iniun und Aguipotentiallinien
dung g und Aquipotentiallinien zweier rinmlich getrennter zweler enigegengesctzt l‘-l'ﬂ_‘—'hf‘_r I-E_d"”l“:“_ & und Q_l =
gleicher Ladungen. Die Figur ist rotationssymmetrisch um — ¢ (elekirischer Dipol). Die Figur ist rotationssymmetrisch
dic x-Achse um die x-Achse
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Feldlinien

L] -~

10 kV

Egﬂg‘” % ®

Abb. 1.3}, Prinzipschema des Van-de-GraalT-Generators
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Feldlinien

h
R I
+
Transport- 47
band A
+1 l‘ Isolatar
+
+
10 KV +
»
mgﬁ%@]

1

Abb. 1.33. Prinzipschema des Van-de-Graaff-Generators
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Blitze
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Blitze

Physik Il, mc

“ST. ELMO'S FIRE' ON MASTS OF SHIP AT SEA.
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Priga de terre en patie d'ok

Paratonngirs
Spitzeneffekt Anwendung: f/ -
e.g.: Blitzableiter Ml
4 nputh i

Leuchtrohr

Particles

01 HowStulffWorks

_I-Iow Atoms Emit Light

1. A collision with @ moving particle
excites the atom.

2. This causes an electron to jump to
a higher energy level.

3. The electron falls back to its
original energy level, releasing the
exfra energy in the form of a light
photon.
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Gauss' law

Fluss: mechanik Fluss: E Feld

Karl F. Gauss
German, 1777-1855

i

Flux is proportional to the density of flow.

i

Flux varies by how the boundary faces the direction of flow.

i

Flux is proportional ta the area within the boundary.
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Attracting Uncharged Metallic Objects
;",':, "\/ QH .’+ ,:"_" g .\’:j
I T g ue ® L__,-a .
:._‘.. _/:—-\_ll /:‘\.I [ ] '\_l_/’l ' [f_l:w <+\:| -_ H
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Electrons are free to Nuclei remain in place;
move in metals. electrons move to bottom.
Physik Il, mc
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Anwendungen

g
gereinigtes
- Gas
= ’
Abgas- ? =
einlaB
. \P Entladungs-
| elektrode
® /f
SN fae” o
B Entladung in einem
‘ L Elektrostatischen Abgasfilter
Tipler
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elektrostatische

l . Draht fiir Korona-Entladung
L
Aufladung N -

3
e S lichtelektrische
T r’ ~ Halbleiterschicht
= rET T |- Meull
I ! influenzierte Ladung /  substrat

(a)

_——— Belichtung

erzeugtes
Ladungspaar

Papier -

(a) Aufladen

Chester Carlson
USA, 1906-1968

(patent: 1942)
(b) Belichten

(c) Entwicklung

(d) Ubertragung auf Papier

Tipler
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batteries

Carbon-zinc Batteries

anode (-)
Zn(s) -> Zn2+(aq) + 2e-

cathode (+)
2NH4+(aq) + 2MnO2(s) + 2e-
-> Mn203(s) + H20(l) + 2NH3(aq)

+ other reactions in paste (gas, must be absorbed)
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Battery

. A battery is analogous to a pump in a water circuit. A pump takes in water at low pressure and does work on it,
ejecting it at high pressure. A battery takes in charge at low voltage, does work on it and ejects it at high voltage.

pressure = Snergy
volume ("—
:fé,,:g 50 Ibvin?
F
pressure = —
A (
F_ Fd W 2
— = — Rorew Exin
o ENEGY ol {
volume g
A closed faucet has pressure
behind i, but no fow.

(resistance -» oo }

Dol 12 foubes of work on
v each unit of charge which
passes through i,

——— Arecepacle has vollage

5| behind it, but no cumrent

i ] if nehing is plugged .
(resislance

= o)
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Kondensator Prinzip
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Abb. 1.A5a—. Zum Prinsap des Kondensators: (@) ungelsde-
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Kondensatoren

g

Papierkondensator

S— (DI (€2

Obere Reihe, radiale Anschlisse (v.l.): Glimmer, Keramik-Y, Keramik-Scheibe, Keramik-Mehrschicht, Folie
gewickelt und vergossen, geschichteter Folienkondensator, gewickeltes und vergossenes Polystyrol, gewickelter X-
Metallpapierkondensator, dito hochkant (man sieht die grof3flachige Kontaktierung der Stirnseiten), zwei Tantal-,
zwei Aluminiumelektrolytkondensatoren, Doppelschichtkondensator

Mittlere Reihe, axiale Anschliisse: gewickelter Polypropylen-, Polystyol-Folienkondensator, Keramik-
Durchfihrungskondensator, bipolarer Elektrolytkondensator.

Untere Reihe, SMD-Bauformen: zwei SiO2-, zwei Keramikkondensatoren, zwei Folienkondensatoren,
Durchfuihrungskondensator sowie die entsprechenden Elektrolytkondensatoren.
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Kondensatoren

10.000 |-

g 8
|

Spannung / V
a
1

10 =
83 | Tantal- & Nieb- .~
kondensatoren
1 1 | 1 | | 1 1
1p 2p in 100n 1100 1m 1 1.000

Kapazitat / F

Spannungsfestigkeit und Kapazitat verschiedener Kondensator-Technologien

WP P
WHKT
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Kondensatoren

Kapazitatserhohung bei vergleichbarem C/V-Wert durch:

Kapazitats-
erhéhu ng Kerkos: 500fach durch MLCC-Fertigungstechnik
(Faktor) TaElkos: 20fach durch kieinere Tantalpulveromgrégen Vielschichtkondensator
Al-Elkos: 10fach durch héhere Anoden-Aufrauhung
Folkos:  10fach durch diinnere Folien
1000 Kerkos
Q (MLCC)
100 ¥
e
:;\\{:? Ta-Elkos
10 i
Al-Elkos Folkos (MKT)

1970 75 80 85 90 95 2000 05
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JAccM SpotMagn  Det WD Exp |——————— 10um

00KV 30 3500x SE 207 1 ] Acc.V SpotMagn Det WD Exp |—————— 100pum

I, 100 kv 3.0 20.0),( - SE 284 1

3 cV SpotMagn Det WD Exp pb———— 100 um
PR N100KY 30 250x SE 439 1 P .
b ™ ; E— W T M. Perrin et al.,
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Su per-condensateurs

1-100 Farads = voitures hybrides
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Supercapacitor

> 1000 m?/g
1000
53
< 100 Conventional
E batteries 1 hour 1 second
> 10
[77]
5 ’ 10 hours -
©
)
2 0.03 second
2 0.1 c ional
typische Werte: 1-10 Farad w m
0.01
10 100 1000 10000
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Elektron Rohr

(Kathodenstrahloszillograph)

Electron beam

Cathode

Conductive
Phosphor-  coating
coated screen
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Elektronmikroskop

Electron Gun

Blanking Plate

PIIE UD{[PNLIA “USILIGNUD 1M WNZ_ o =

o X o 5 e O e ¥ |

Deflection
Coils

ua[yeng

Wafer
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Feld und Aequipotential Linien

Dipol
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Wasser Molekile

» dipole moment: p =1.83 Debye =6.11:1030 C-m

- Hydrogen bond »

g_l-
ek .
0957A J ;—-"I'Ill
104.5° low elecinon density

system seen as 10 e and 10 protons
= effective charge separation (d=p/10e)
d ~ 3.8pm =0.0038nm

(1st Bohr radius: 0.05nm, charge separation small)
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FlUssigkrystall

i N\ Link fide

: e inkage - St 8
Terminal Group —— Ring — J —{ Ring :}—- Side Chain
A / .3 !

group

1‘_!' |
0.

He” ‘ Hy 7 G . _

SCE o pettyloloyanchiphenyl (PCE)
=
0
4y
0 0. _CeH

MBBA MHPOBC \©\n’ R B

0

CHy
interaction between rings:

short range intermolecular forces,

Nematic structure

4
C chains: strong influence transition' +:+—|' |
temperature between phases & elastic
properties _— )
— Hher
terminal groups: affect dielectric 4

constant, polarizability

NB: permanent and/or induced dipoles
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Verschiebungspolarisation Orientierungspolarisation

Unpolarized
CEORCECATRCIS
CSRCETICRE RS,
PR i i
OO @O
O OO0 O9
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FlUssigkrystall
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FlUussigkrystall

R discotic structure
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Banana shaped
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Fliissigkrystall

SCB &7 pentyletcyanobiphenyl (PCE)

random ordered
N
1.0 S=(1/2D<3c0520-1> )
++_’.
\ ; _’
S 0.5 \
1 — —}
| —-£
1
0 l \ >
T 4
Temperature Feld
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FlUussigkrystallbildschirm
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pre-alignement
(rubbing)

I

\
\
\

|

anti-parallel

\-H
-
-

I
TS
TN

Bright state Dark state

Z
@
Eg ll\
2
=

Ch 1: Elektrostatik Physik Il, mc




Dielektrika im elektrischen Feld

Tabelle 1.1. Relative statische Dielekirizitiitszahl g, einiger
Stoffe bei 20°C

_

Cuarzgelas 375
Pyrexglas 4.3
Porzellan G6=T
Kupferoxyd Culdz 18
Keramiken
Ti0- = RO
CaTiOs 2= 160
(SrBi)TiOy =z | (NN
Fliissigheiten
Wasser |
Ethylalkohol 25.8
Beneol 2.3
Mitrobenzol 37
Crave
Luft 1000576
H: 1000264
S50 100899
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Kondensator

c = &A
d

C:&sOA
d
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e

+ + + + + +
(e —
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@ = charge per unil area
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