Phys1cs .. E=mc? PFP 24 03 2025 8Aa
RRL O 111ne

(OLOHJ du)|

For one thing, physics is a much different field today. In Einstein's day, there were a few thousand
physicists worldwide, and the theoreticians who could intellectually spar with Einstein probably
would fit into a streetcar with seats to spare.

Education is different, too. One crucial aspect of Einstein's training that is overlooked, ....., is the
years of philosophy he read as a teenager -- Kant, Schopenhauer and Spinoza, among others. It
taught him how to think independently and abstractly about space and time....



In April 1911 Einstein was appointed as a full professor of
theoretical physics at the German part of Prague's Charles
University. By that time, he had already won acclaim as the author
of his special theory of relativity and a number of successful studies
In thermodynamics and molecular physics and in particular in
quantum theory and statistical physics.

Albert Einstein left the city of Prague after his sixteen-month long
stay in July 1912 when he accepted the chair of theoretical physics at
the Polytechnical Institute of Zurich. Direct evidence suggests that
Einstein was happy during his professorship in Prague.



https://utf.mff.cuni.cz/Relativity/SCAN/Einst04.jpg
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The voltage of Nicola Tesla's man-made lightning can be calculated from altitude and gap

T

.
1

8 e

Natural lightning is now considered
an electric spark, not an arc.



https://en.wikipedia.org/wiki/Lightning
https://en.wikipedia.org/wiki/Electric_spark

Historical overview

) 1675: Phenomenon of glowing vacant space in a Barometer
while moving it, discovered by Jean-Felix Picard

) 1705: First Demonstration of gas discharge lamp by Francis
Hauksbee

) 1857: Development of Geissler Tubes (low-pressure gas
discharge tubes) by Heinrich Geissler

) 1898: Discovery of Neon by William Ramsay and Morris W.
Travers

> 1910: Commercialization of Geissler Tubes as neon lighting,
used in neon signs
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Jean Picard (1620-1682)
Astronom

Zodpovédny za prvni
presné méreni poloméru
Zemé

Jean Picard si vSiml, Ze prazdny prostor v jeho rtutovém barometru zafil, jak
se rtut chvéla, kdyzZ nesl barometr. Francis Hauksbee poprvé predved!
plynovou vybojku v roce 1705. Ukazal, ze evakuovana nebo ¢astecné
evakuovanad sklenéna koule, do které umistil malé mnozstvi rtuti, nabijena

statickou elektfinou, mUZe produkovat svétlo dostatecné jasné, aby se dalo
Cist.

Generator built by Francis Hauksbee. From
Physico-Mechanical Experiments, 2nd Ed.,
London 1719




Geisslerovy trubice
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Heinrich Geisler (1814-1879) -

Dvé elektrody v trubici s plynem (neon, argon, krypron,
xenon, vodik, CO,) o nizkém tlaku, doutnavy vyboj




Neonove vybojky

Komercéné produkoval Georges Claude od roku 1910
0.4 — 3 kPa, doutnavy vyboj (hlavné pozitivni sloupec)
OranZova barva (neon)

Dalsi barvy s vyuzitim jinych plynl (vodik — ¢erven3,
helium — zluta, CO2 - bila, rtut — modra) a luminofor(




Neon glow lamp (doutnavka)
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Types of gas light sources
Overview

Fachhochschule
Miinster University of
Applied Sciences

Overview:

> Low pressure gas discharge lamps
) High pressure gas discharge lamps

> Excimer lamp
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Rtutova vybojka (za atmosférickeho tlaku)

Wavelength (nm)

184.45
253.7
365.4
404.7
435.8
546.1
578.2

650

(see photoresist)

I-line
H-line

G-line

Color

ultraviolet (UVC)
ultraviolet (UVC)
ultraviolet (UVA)
violet

blue

green
yellow-orange

red

Vybojem v argonu se zacne vyparovat rtut a tlak vzroste na 2 —
18 atmosfér -> vyboj v parach rtuti, tato nastupni faze trva
nékolik minut béhem nichz lampa sviti ¢im dal tim vice.
Luminofor kolem vybojky se pouziva, aby bylo zareni pfijemnéjsi
pro oci).

Pritomnost silného ultrafialového zareni se vyuZzivala k
desinfekci.

Dnes se vétsSinou k osvétleni nepouzivaji (pfilis mnoho rtuti)


https://en.wikipedia.org/wiki/Photoresist

Fachhochschule
Minster University of

Types of gas light sources
Low pressure gas discharge lamp | ¥

LOW-PRESSURE GAS DISCHARGE
FLUORESCENT LAMP OPERATING PRINCIPLE Obloukovy vyboj v parach

rtuti
Glas Tube Phasphar Electrons Mercury atom

WYY, ’
: \ o © f
= o e © -
= ®
© © ¢ o 2 © 0 o a
' 6 o— Komercni vyvoj zativek byl
inicializovan vyzkumy
T Arthura Comptona (Nobel
Electrode (filament) Visivle light UV-Radlation

prize 1927) ve tricatych
letech.

Sketch of a low pressure mercury vapour gas discharge fluorescent

lamp.
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A fluorescent lamp, also called fluorescent tube, is a low pressure mercury vapor gas-discharge lamp that works
on the principle of fluorescence to emit visible light.

When an electric current is passed through the fluorescent tube, it excites the mercury vapor which produces UV rays
that then causes a phosphor coating on the inside of the lamp to glow.

Phosphor coating
/

(‘“}h”d‘-’ % ; Mercury+Argon
. T i T =
C OnmCt O=fPsosccacscsas ‘.'.Z....;._.‘. ........
pln.\ \= hhhhh s O Pucsscsssssssnssss q']—{g] =
Electrons .—UV Rays
Glass
cover ,{,'\,3\1 ..................................................

Figure-1 Fluorescent Lamp

The fluorescent lamp is a low pressure mercury vapor lamp. Thus, due to low pressure,
the lamp is made in the form of a long tube whose inside walls are coated with some

phosphor. The tube is filled with a small amount of mercury vapor and a small amount of
argon gas.

At both ends of the tube, the electrodes are attached. The electrodes are of spiral form, made of tungsten and coated with
an electron emitting material. A choke is also connected in series with the tube filament that provides a voltage impulse
for starting the fluorescent lamp and once the lamp is started, it acts as a ballast. The lamp filament is connected to a
starter switch which is a small cathode glow lamp with bimetallic strip at the electrodes.



Starter
I-- B |
YYYY C
Choke
¢« AC
Supply

Figure 2 - Circuit for Fluorescent Lamp

When the circuit is energized, nearly full supply voltage appears across the starter terminals due to low resistance of
the filaments and a negligible current flows through the choke. The starter switch is filled with argon gas. This argon
gas ionized and a glow appears inside the starter switch, which heats up the bimetallic strip carrying a moving
contact. In a while, the bimetallic strip bends and short circuits the starter terminals. This results in a high current to
flow through the filaments F1 and F2 and the choke circuit. The filaments are coated with oxides of barium and
strontium, resulting in thermionic emission which can ionize the argon gas inside the tube.



Zarivky (Low pressure fluorescent lamp)

Obloukovy vyboj ve smési vzacného/nych plyn(
b (argon, xenon, neon, krypton) a rtuti. Celkovy tlak
aYaara) ~ 300 Pa, parcialni tlak rtuti ~ 0.8 Pa

_——C Zapojeni startéru a

~ , tIum.iv.ky k zarivkové
trubici.

a - vstup, b - tlumivka, c -
kompenzacni
kondenzator, d - startér,
e - bimetalova elektroda,

| f - odrusovaci
d/ l I kondenzator
HAFH Vlyzafuje prfevazné na 185 a
| |

254 nm (UV), proto musi byt
luminofor.




Zarivky (Low pressure fluorescent lamp)
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Types of gas light sources
Low pressure gas discharge lamp

Phosphor composition:

> ,Old“ Halophosphate-type Phosphor:
) Mainly emits yellow and blue light
) Weak emission of red and green light
) Appears white to the eye
) Has incomplete Spectrum => CRI| ~ 60

> ,New" Triphosphor mixture (since 1990s):

) Basedon Euand Tb
> More evenly distributed VIS spectrum
) CRI typically 82-100

CRI — color rendering index (100 sun
black body radiation)
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Types of gas light sources
Low pressure gas discharge lamp

Fachhochschule
Miinster University of
Applied Sciences

®

* Mercury lines
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Spectrum from a 48" Philips F32T8 natural sunshine fluorescent light
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Plazmové zobrazovace

spectral power

Display electrodes

< OF N . Magnesium oxide coating
(inside the dielectric layer)

Dielectric layer

Rear plate glass

Dielectric layer Wavelength (nm)

Address electrode

| pixel Spektralni charakteristiky typicky pouzivanych
luminoford

Phosphor
Front plate glass I coating in
plasma cells

A schematic matrix electrode \Q\)
configuration in an AC PDP



Plazmové zobrazovace

Lepsi kontrast nez LCD, velmi dobra reprodukce barev
Velmi Siroky uhel, ze kterého je mozné se na televizi divat
Vysoka obnovovaci frekvence a odezva

Relativné velka spotreba elektfiny

,Vypalovani obrazu” — prehrati luminoforu

Dnes uz komer¢né nahrazeny LCD a OLED

Vétsi hmotnost nez LCD obrazovky

Plasma displays were first used in PLATO computer
terminals. This PLATO V model illustrates the
display's monochromatic orange glow seen in 1981



b

Raizer, Y.P. (1991) Gas Discharge Physics.
Springer-Verlag, New York.

Fig. 7.18. Excitation of rf discharges: (a) inductively coupled through a solenoid coil; (b) vollage
applied 1o electrodes in contact with plasma; {c) elecrodes insulated from plasma (electrodeless,

capacitively coupled rf discharge)

A typical — and most frequent — approach to implementing this principle is
as follows (Fig.7.18). A high-frequency current is passed through a solenoid
“coil” (in fact, the coil may consist of only one or several turns). The oscillating
magnetic field of this current within the coil is directed along its axis and induces
a vortex electric field, whose lines of force are closed circles concentric with
the turns of the coil. This electric field can ignite and sustain a discharge, its
currents also being closed and flowing along the closed circular lines of force of
the electric field. In actual experiments, a dielectric tube filled with a gas to be
studied is inserted into the coil so that breakdown occurs under certain conditions
and the discharge can be sustained after breakdown. Pulsed discharges can be
produced if a sufficiently strong current pulse is fed into the coil. This type of
discharge is known as the inductively coupled, or H-type, rf discharge, with the
latter H pointing to the decisive role of the magnetic field. Inductively coupled
discharges are apparently electrodeless.

In the methods belonging to the second group, the high-frequency (or any
other waveform) voltage is applied to the electrodes. In the simplest (and the
most widespread) geometry, two parallel plane electrodes are employed. The
electrodes may be bare and be in direct contact with the discharge plasma, or
they may be insulated by a dielectric (Fig.7.18b,c). A system of two electrodes
behaves with respect to a variable voltage as a capacitor, so that in contrast to
iniduction discharges, those in this category are known as capacitively coupled,
or E-type, rf discharges (ccrf). The letter E symbolizes the decisive role of the
electric field. A capacitively coupled discharge can be ignited in a tube via a pair
of ring electrodes fixed on the outside surface at the ends of the tube, creating
the lu;lgimdinal field. As a result, the discharge can be observed through the end
faces.
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Glow discharges

Aston Anode
Dark Negative Faraday Positive Anode Dark
Space Glow Space Column Glow Space
(AD) . (NG) (FS) (PC) (AG)  (AD)

| |

Cathode v

Anode

+

Cathode Cathode
Glow Dark SPECE http://en.wikipedia.org/wiki/Electric_glow_discharge

http://www.exo.net/~pauld/origins/glowdisharge.html


http://en.wikipedia.org/wiki/Image:Glow-discharge-schematic.gif

Glow discharges
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Electric discharges V-A characteristic

Direct current (DC) glow discharge V:VO - Rl

abnormal

arc transition

normal

\

162 102

Fig. I-3
Glow discharge setup (a)
V' = f (1) Characteristic in glow discharge. Stable working

Reactive plasmas
Andre Ricard



G I ow d ISC h a rg es Cathode Cathode Negative glow  Positive column
glow dark space

Several parts of a glow discharge. 2777
Luminous intensity (I light), electric field (E) and voltage (V)

V. cathode potential. 7?77




¢ Aston Dark Space
¢ Cathode Glow
¢ Cathode Dark Space

Negative Glow
Faraday Dark Space
[ Positive Column
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M glow discharge illustrating the different regions comprising it
and a diagram giving their names.
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Aston dork Faraday dark

space space
Cathode dark Anode dark
space space

Positive cofumn

Cathode Negative
glow glow

Fig. 8.2. Glow discharge in a tube and the distribution of: (a) glow intensity, (b) potential «, (¢)
longimdinal field E, (d) electronic and ionic current densities j, and ., (e) charge densilies n, and
ny., and (f) space charge p = e(ry — ne)




Glow discharges
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Louis Carl Heinrich Friedrich Paschen (22 January 1865 - 25 February 1947)

Aston Anode
Dark Negative Faraday Positive Anode Dark
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He is also known for the Paschen series, a
series of hydrogen spectral lines in the
infrared region that he first observed in 1908.
He established the now widely used Paschen
curve in his article "Uber die zum
Funkenubergang in Luft, Wasserstoff und
Kohlens&ure bei verschiedenen Driicken
erforderliche Potentialdifferenz".[1]



https://en.wikipedia.org/wiki/Paschen_series
https://en.wikipedia.org/wiki/Paschen_curve
https://en.wikipedia.org/wiki/Friedrich_Paschen#cite_note-1

Louis Carl Heinrich Friedrich Paschen (22 January 1865 - 25 February 1947)
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Paschen curves for widely-used
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Paschen’s law is an equation that gives the breakdown voltage, that is,
the voltage necessary to start a discharge or electric arc, between two
electrodes in a gas as a function of pressure and gap length.[213 It is
named after Friedrich Paschen who discovered it empirically in 1889.

He is also known for the Paschen series, a
series of hydrogen spectral lines in the
infrared region that he first observed in 1908.
He established the now widely used Paschen
curve in his article "Uber die zum
Funkenubergang in Luft, Wasserstoff und
Kohlens&ure bei verschiedenen Driicken
erforderliche Potentialdifferenz".[1]



https://en.wikipedia.org/wiki/Paschen_series
https://en.wikipedia.org/wiki/Paschen_curve
https://en.wikipedia.org/wiki/Friedrich_Paschen#cite_note-1
https://en.wikipedia.org/wiki/Breakdown_voltage
https://en.wikipedia.org/wiki/Voltage
https://en.wikipedia.org/wiki/Electric_arc
https://en.wikipedia.org/wiki/Paschen%27s_law#cite_note-Merriam-Webster-2
https://en.wikipedia.org/wiki/Paschen%27s_law#cite_note-Wadhwa-3
https://en.wikipedia.org/wiki/Friedrich_Paschen

Glow discharges

p=0.1-10 mbar; U=150-2000V
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A simple glow discharge theory I. — the positive column

T ]

jonization jonization
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Electron emission from the cathode;

- field {auto)-emission

- due to bombarding ions

secondary electron emission coef. y = 0.1



A simple glow discharge theory Il. — the negative glow

@}I%—

Self sustained discharge: the number of ions created in an
avalanche can produce one new electron on the cathode



Gas lasers

@W _i—GGB

1. Negative glow lasers -
hollow cathode lasers

I%l

He-Ne laser

Silver ion laser




The He-Ne laser

how to make
population inversion ?

Energy He* Collisional
Energy transfer

Excitation by
{ electron collisions

( )

Hélium

Neon

Iranian American physicist and inventor. He was the first to
propose the concept of the gas laser in 1959 at the Bell
Telephone Laboratories. 1960




Segmented hollow-cathode silver ion laser

Copper gaskets Aluminatube Elektrical feedthrough

Internal mirror

+ 20 um silver




Paschen’s curves

Gas breakdown: Paschen’s curves for breakdown voltages
In various gases

® Friedrich Paschen discovered empirically in 1889.

V. Vells

e

Left branch Right branch
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ealcm- Forrl
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109 v/ 152 we

Paschen minimum
F. Paschen, Wied. Ann. 37, 69 (1889)]




RF diode discharge

For technological applications —
surface treatments

RF 13.56 Mhz

Impedance matching

Dark space

yd

negative glow
Pumps

p =10 - 100 mTorr
W < 100 Watts




Microwave discharge

HF power

Variable
cut-circuit

Microwave discharge - surfaguige discharge

Vinovod ....waveguide



. A special characteristic of surface waves is to propagate along the discharge
Surfatron d |5Charge tube wall and to penetrate inside the tube to create the plasma. The radial

distribution of electric field is given by the following equation (note 2 p. 11) :

Er)=ALBn'"r) (1-34)

vhere A and B are constant values and 1, is the modified Bessel function.

L y T " T ‘ T i T i ! ) !
R | O £=200 MHz
- & f=500 MHz

Microwave
launcher

-

o Coupling
- plug

% &z

| - Inductance

| Cuplate

D

0 10 20 30 40 50 60 7C

Z

? Column end

[

N 3 )

Axial distribution of electron density, measured in microwave
plasma columns (Ar, 0.1 Torr, R = 1.3 cm) at 200 and 500 MHz.
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Surfatron Thus, the E(r) value is maximum for r =R and it is minimum forr = 0.
The local maximum of electric field at the tube wall is more pronounced as
600 MHz ARGON 100 mTorr

ps oo AR the electron density and the tube radius increase. This effect has been
T | observed by analyzing the plasma light®

1) 2a=34 mm
| 2 2a=26 mm
‘T 3 2a=17.5mm

AR B E PR S

-a -a/2 0 +a/2 a
Radial distance

Light intensity (a.n.)

ARGON 200 mTorr 2a = 26mm
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Radial distance

Radial distribution of the Ar I 549.6 nm line intensity in microwave
discharge.

(aj 600 MFz, 0.1 Torr and several values of diameter (2a)
(b) diameter 2a = 26 mm and several values of microwave frequencies.



Two Sputtering Systems

MATCHING
METWORK . -
13,56 MHz
VOC) —IHM{’F——E@-
B INSULATICN [T ~
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‘ —— i — TARGET —— [ n| "
| GLOW CISCHARGE | GLOW DISCHARGE 7
| __~|3UBSTRATES|-___ |
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SPUTTERING  VACUUM SPUTTERING VACUUM
G5 GAS

Several kilovolts are applied and gas pressures usually range from a few to a hundreds
millitorr.



Types of plasmas (electron density)

+ Stars (density n < 107 cm-3)

» Solar winds (density n < 107 cm-)

» Coronas (density n < 107 cm3)

» lonosphere (density n < 107 cm-?)

» Glow discharge (density n = 108 ~ 1014 cm-3)
« Arcs (density n = 108 ~ 1014 cm-?)

» High-pressure arc (density n ~ 1020 cm-3)

» Shock tubes (density n ~ 102° cm-3)

« Fusion reactors (density n ~ 10%° cm-3)

The townsend (symbol Td) is a physical unit of the reduced electric field ( ),
Where E is and N is concentration of neutral particles.

1 Townsend = 1 Td = 1077 Vem? = 1072 Vm?.

1 V/em Torr = 3,034 Td; vresp. 1 Td=0.3296 V/cm Torr .


https://en.wikipedia.org/wiki/E/N_ratio
https://en.wikipedia.org/wiki/Electric_field

Types of plasmas (electron density) PLASMAS - THE 4th STATE OF MATTER

. ' 7cm

Stars (density n < 107 cm) CHARACTERISTICS OF TYPICAL PLASMAS

hd SOIar WlndS (den5|ty n < 107 Cm'?’) Plasmas consist of freely moving charged particles, i.e., electrons and ions. Formed at high tempera-
- tures when electrons are stripped from neutral atoms, plasmas are common in nature. For instance,

L Coronas (denSIty n < 107 Cm-S) stars are predominantly plasﬁz. Plasmas are a "Fourth gtate of Matter” because of their unique physi-

cal properties, distinct from solids, liquids and gases. Plasma densities and temperatures vary widely.

« lonosphere (density n < 107 cm-3)

* Glow discharge (density n = 108 ~ 101% cm™3) Maigngtic 'conﬂ!‘mgtl
. usion
e Arcs (density n = 108 ~ 104 cm?) reactor el

« High-pressure arc (density n ~ 102° cm-3)
« Shock tubes (density n ~ 1020 cm-3)
« Fusion reactors (density n ~ 102° cm-3)
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Principal Glow Discharge Mechanism by Biased Parallelplate
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The regime between A and E on the voltage-current characteristic is termed a dark discharge because, except for corona discharges and the breakdown itself, the

discharge remains invisible to the eye.

A — B During the background ionization stage of the process the electric field applied along the axis of the discharge tube sweeps out the ions and electrons created by
ionization from background radiation. Background radiation from cosmic rays, radioactive minerals, or other sources, produces a constant and measurable degree of
ionization in air at atmospheric pressure. The ions and electrons migrate to the electrodes in the applied electric field producing a weak electric current. Increasing
voltage sweeps out an increasing fraction of these ions and electrons

B — C If the voltage between the electrodes is increased far enough, eventually all the available electrons and ions are swept away, and the current saturates. In the
saturation region, the current remain constant while the voltage is increased. This current depends linearly on the radiation source strength, a regime useful in some

radiation counters.

C — E If the voltage across the low pressure discharge tube is increased beyond point C, the current will rise exponentially. The electric field is now high enough so the
electrons initially present in the gas can acquire enough energy before reaching the anode to ionize a neutral atom. As the electric field becomes even stronger, the
secondary electron may also ionize another neutral atom leading to an avalanche of electron and ion production. The region of exponentially increasing current is called

the Townsend discharge.

D — E Corona discharges occur in Townsend dark discharges in regions of high electric field near sharp points, edges, or wires in gases prior to electrical breakdown. If
the coronal cuurents are high enough, corona discharges can be technically “glow discharges”, visible to the eye. For low currents, the entire corona is dark, as
appropriate for the dark discharges. Related phenomena include the silent electrical discharge, an inaudible form of filamentary discharge, and the brush discharge, a
luminous discharge in a non-uniform electric field where many corona discharges are active at the same time and form streamers through the gas.
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E Electrical breakdown occurs in Townsend regime with the addition of secondary electrons emitted from the cathode due to ion or photon impact. At the breakdown, or
sparking potential Vg, the current might increase by a factor of 104 to 108, and is usually limited only by the internal resistance of the power supply connected between the
plates. If the internal resistance of the power supply is very high, the discharge tube cannot draw enough current to break down the gas, and the tube will remain in the
corona regime with small corona points or brush discharges being evident on the electrodes. If the internal resistance of the power supply is relatively low, then the gas
will break down at the voltage Vg, and move into the normal glow discharge regime. The breakdown voltage for a particular gas and electrode material depends on the

product of the pressure and the distance between the electrodes, pd, as expressed in Paschen’s law (1889).

Glow Discharge (normal glow mode)
The glow discharge regime owes its name to the fact that the plasma is luminous. The gas glows because the electron energy and number density are high enough to

generate visible light by excitation collisions. The applications of glow discharge include fluorescent lights, dc parallelplate plasma reactors, “magnetron” discharges used
for depositing thin films, and electrobombardment plasma sources.
F — G After a discontinuous transition from E to F, the gas enters the normal glow region, in which the voltage is almost independent of the current over several orders of
magnitude in the discharge current. The electrode current density is independent of the total current in this regime. This means that the plasma is in contact with only a
small part of the cathode surface at low currents. As the current is increased from F to G, the fraction of the cathode occupied by the plasma increases, until plasma covers
the entire cathode surface at point G.

G - H In the abnormal glow regime above point G, the voltage increases significantly with the increasing total current in order to force the cathode current density
above its natural value and provide the desired current. Starting at point G and moving to the left, a form of hysteresis is observed in the voltage-current characteristic.
The discharge maintains itself at considerably lower currents and current densities than at point F and only then makes a transition back to Townsend regime.
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Arc Discharges (arc mode)

H — K At point H, the electrodes become sufficiently hot that the cathode emits electrons thermionically. If the DC power supply has a sufficiently low internal

resistance, the discharge will undergo a glow-to-arc transition, H-I. The arc regime, from | through K is one where the discharge voltage decreases as the current

increases, until large currents are achieved at point J, and after that the voltage increases slowly as the current increases.
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Principal Glow Discharge Mechanism by
Biased Parallelplate

A stray electron near the cathode carrying an initial current i, is accelerated toward

the anode by the applied electric field (E).
After gaining sufficient energy the electron collides with a neutral gas atom (A)

converting it into a positively charged ion (A*), i.e., e+ A— 2e" + A*.
Two electrons are generated and are accelerated and bombard two additional

neutral gas atoms, generating more ions and electrons, and so on.

Meanwhile, the electric field drives ions in the opposite direction.
lons collide with the cathode, ejecting, among other particles, secondary electrons.

Secondary electrons also undergo charge multiplication. (step 2)
The effect snowballs until a sufficiently large avalanch current ultimately causes

the gas to breakdown.

@+ \‘ *ED — B+ @ ()
. ‘At + 2 anode
' o8
i E o W

cathode anode
o/ O
mvs
cathode
+ Ar)

http://webhost.ua.ac.be/plasma/pages/glow-discharge.html
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Generation of charged particles: electron impact ionization

° Proton

Electron

Electric field

Acceleration _—°

Slow electron Fast electron - Electric field

Acceleration
Electric field

Acceleration
lonization energy of hydrogen: 13.6 eV




Electron avalanche

Townsend mechanism: electron avalanche
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® Townsend ionization coefficient (a) : electron multiplication

- production of electrons per unit length along the electric field
(ionization event per unit length)
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Streamer mechanism

® The streamer concept was proposed by Loeb and Meek for the positive streamer
and, independently by Raether for the negative streamer.

® Basic idea is that at a certain stage in the development of a single avalanche,

photoionization of the gas in the inter-electrode space becomes the most
important mechanism in determining the breakdown of the gap.

Meek & Loeb Raether

+ Anode

AL

— Lathode

— Cathode
(B)

Cathode-directed streamer Anode-directed streamer

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Positive streamer (cathode-directed streamer)

® |f the gap is short, the transformation occurs only when the avalanche reaches
the anode. Such a streamer that grows from anode to cathode and called the
cathode-directed or positive streamer.

Anode

Cathode

Negative streamer (anode-directed streamer)

® [f the gap and overvoltage are large, the avalanche-to-streamer transformation
can take place far from the anode, and the anode-directed or negative streamer
grows toward both electrodes.

]
bl It

g




Townsend’s avalanche process is not self-sustaining

Townsend first
lonization-free region (recombination ionization region

region + saturation region) Toﬂnst?ﬂd SE{:DHd
ionization region

ke

Current [/} —=

i(d) = ige®

Voltage(V) —a-

® Townsend's avalanche process cannot be sustained without external sources for
generating seed electrons.

High-voltage Pulsed Power Engineering, Fall 2018
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E/N ...... 1 Townsend =1 Td = 107 Vcm? = 1021 Vm?
E/p at 293 K (cca 20 C)....... 1V/cmTorr=3.034Td, resp. 1 Td =0,3296V/cmTorr



Electric discharges Electron Impact Ionization in a Constant Field

lonization in case of Maxwell distribution

Ionization Frequency
n(e) is the electron energy distribution

(dne/dt)i = vine = ki Nne

. - . . |
tron impact ionization. From [4.1] g0 90 150 cleV/

For example, in argon, C; = 2 - 1077 cm?/eV. If If T. = 1eV, then v =
6.7 - 107cm/s and k; = jnai} =3.10"1%cm?/s. pr - 50 Torr and T' = 300K,
hen N = 1.7 - 101 This_gives v, = 510s~!. At these T, and N, the
equilibrium degree of ionization is (ne)eg/N = 0. 021 The values of C; for
several other gases (in 10~!7 cm?/eV) are

He —0.13, Ne —0.16, Hg —7.9, N; —0.85, O, —0.68 , H; — 0.59 .

Breakdown cannot be simply explained by ionization




lonization frequency and ionization coefficient

For example, in argon, C; = 2-10"7cm?/eV. If T, = 1eV, then § =
6.7-10" cm/s and ki = (voi) =3 - 1079 cm’/s. If p = 50 Torr and T = 300K,
hen N = 1.7 - 10® cm™—>. This_gives 1 = 510s~!. At these T, and N, the
equilibrium degree of ionization is (ne)eq/N = 0.021. The values of C; for
several other gases (in 10~!7 cm?/eV) are

He —0.13, Ne —0.16, Hg —7.9, N; —0.85, O, —0.68 , H; — 0.59 .

N will be double within 1.4ms =» if n,=1 =» at T=1eV equilibrium will be reached within 75ms
Experiments are giving time many times shorter

It is more convenient, therefore, to characterize the rate of ionization not by

frequency 14 5=, but by the ionization coefficient o.cm™!, that is, the number
of ionization events performed by an electron in a 1cm path along the field.

Note that the primary and complete characteristic of the rate of ionization is_the
frequqncy v, not . The distribution function gives us this frequency, as well as
the drift velocity. The ionization coefficient « is a derived quantity, found from

(4.3). Actually, « is not very meaningful in fast-oscillating fields. However, dc
measurements give us «, not ;.

Breakdown cannot be simply explained by ionization




medzi elektrédami (obr. 5.2 ¢). Povrch katédy K sa nachadza v mieste 2 = 0 a povrch
anody A v mieste x = d. Elektrony sa pohybuji smerom k andde a vytvorené kladné iény
ku katode, kde zanikaji. Podobne ako v odseku 4.3.1, mozeme napisat rovnicu kontinuity
pre elektrony v jednorozmernej geometrii a v ustalenom stave

dj_
—_ = an. = —
dr

kde V_ je driftova rychlost elektronov v elektrickom poli (v homogénnom poli je kon-
stantna) a § = a/V_ je prvy Townsendov koeficient. Analogicka rovnica plati aj pre

di.
dx

kladné iony

=an_ =0j_.

Prvy Townsendov koeficient § ma rozmer m~! a oznacuje pocet ionizacii, ktoré vykona
jeden elektron v smere elektrického pola na jednotkovej drahe (na rozdiel od ionizacnej
frekvencie a udavajicej pocet ionizacii za jednotku casu). Ak rovnice odéitame, dosta-

neme

d(gy —7-)
dx

=0 =j,—j_=K= konst.

Potom hustota elektrického priddu medzi elektrédami i = e(j, — j_) = eK je taktiez
konstantna, napriek tomu, ze hustoty toku elektrénov a idnov sa menia s polohou z.
V homogénnom poli je Townsendov koeficient 0 konstantny a preto mozeme rovnice
kontinuity lahko integrovat

j_ = Cexp(dr); jr = Cexp(dr) +i/e,

kde C' je integracna konstanta. Hodnota tejto integracnej konstanty sa da uréit z hustoty
toku elektrénov na katéde: C' = j_(0). Potom

Jj-=7-(0)exp(dx); Jjr =J_(0)exp(dx) +i/e.

Problém uréenia hustoty toku j_(0) spo¢iva v tom, ze okrem primarnych elektrénov
emitovanych z katédy ultrafialovym ziarenim (ich hustotu toku oznacéime jp), elektrény
emitujn aj dopadajice kladné iony. Tento typ emisie sa nazyva potencialova emisia.







Experimental data
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Measurements of o and similarity laws
dN[/dz =aN , N(z)=Nexp(az)
The electron current at the anode is i = e N exp(ad)
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Fig. 4.3. lonization coefficients for a wide range of E/p values (a) in molecular gases, (b) in inert
gases. From [4.3]
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dU/dt is not considered E/p

1




Data for Paschen law
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Electric discharges
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Fig.4.4. Ionization coefficients in H, and CO,. From [4.2]
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See next slide

See next slide

: dN/dz = aN , N(z)=MNexplaz)

4.1.5 Interpolation Formula for o

a = Apexp(—Bp/E) . 4.5)

The constants A and B are determined by approximating the experimental curves
(Table 4.1). In a number of cases the relation (4.5) can be attributed a certain
physical meaning. Assume, for example, that an electron undergoes only ionizing
collisions. (This assumption may be realistic at high E/p and moderate energies.)
The energy picked up by an electron along a free path length z is slightly greater
than the ionization potential I. The probability that it will move the distance
r = I/eE without collisions and then be involved in an ionizing collision in a
distance dz is a dz = dz I~! exp(—I/eEl), where | = I} /p is the mean-free-path
length. This gives us (4.5) with A = [!, B =I/el;. If 0 =510~ cm?, then
[y =0.06cm - Torr; if I =15€V, then A =17, B = 250, which is quite close to
tabulated values.

The fraction of electrons in a Maxwellian spectrum that are capable of ion-
izing an atom is proportional to exp(—I/kT.). If T, x E/p (see Sect. 2.3.5), we

again arrive at a dependence of »; and o on E of tvpe (4.5), but now the constant
B has a different meaning. It will be shown in Sect.7.4.7 that an approximate

solution of the kinetic equation that takes into account the large role of inelastic
losses of electron energy on excitation also leads to a relation of type (4.5), but
again with a changed meaning of B. For inert gases, the formula

a = Cpexp[-D(p/ @ (4.6)
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dN/dz = aN , N(z)=MNexplaz)

4.1.5 Interpolation Formula for o

The theoretical and numerical analysis of discharges widely uses a conventional
empirical formula suggested by Townsend.:

a = Apexp(—Bp/E) . 4.5)

The constants A and B are determined by approximating the experimental curves

able 4.1). In a number of cases the relation (4.5) can be attributed a certain
physical meaning. Assume, for example, that an electron undergoes only ionizing
collisions. (This assumption may be realistic at high E/p and moderate energies.)
The energy picked up by an electron along a free path length z is slightly greater
than the ionization potential I. The probability that it will move the distance
r = I/eE without collisions and then be involved in an ionizing collision in a
distance dz is a dz = dz I~! exp(—I/eEl), where | = I} /p is the mean-free-path
length. This gives us (4.5) with A = [!, B =I/el;. If 0 =510~ cm?, then
[y =0.06cm - Torr; if I =15€V, then A =17, B = 250, which is quite close to
tabulated values.

The fraction of electrons in a Maxwellian spectrum that are capable of ion-
izing an atom is proportional to exp(—I/kT.). If T, x E/p (see Sect. 2.3.5), we

again arrive at a dependence of »; and o on E of tvpe (4.5), but now the constant
B has a different meaning. It will be shown in Sect.7.4.7 that an approximate

solution of the kinetic equation that takes into account the large role of inelastic
losses of electron energy on excitation also leads to a relation of type (4.5), but
again with a changed meaning of B. For inert gases, the formula

a = Cpexp[-D(p/ @ (4.6)




Electric discharges semi-empirical approach

The theoretical and numerical analysis of discharges widely uses a conventional
empirical formula suggested by Townsend:

= Crew| Do/ B

Table 4.1. Constants in the formulas for the ionization coefficient, and regions of applicability [4.4,5

w7

Gas A B E/fp C D E/p<

em~!Torr=! V/(cm  Torr) V/(cm-Torr) cm='Torr=! V/(cm -Tor)!/? V/(cm - Torr

3 34 20-150 44 14 100
4 100 100400 8.2 17 250
12 180 100-600 29.2 700
17 240 100-1000 35.7 900
350 200-800 65.3 1200
150-600
130 150-600
100-600
27-200
100-800
500-1000
150-1000

EsplViem - Torr/

L
70

empirical formula for air at relatively high E/p (see also Table 12.1)

a/p=1.17-10"%E/p—32.2*cm~! Torr ! |
p 44 — 176 V/(cm - Torr) .




Electric discharges other processes involved in breakdown of a discharge

4.1.7 Stepwise Ionization

The atoms of a weakly ionized gas are mostly ionized from the ground state
Many excited atoms and molecules may be formed if is h1

g '- -' '.‘ o
Fig 4 6 Cross sections of ionization of excited metasmhles by electron impaci: (2) He 23.S; experi-
mental data [4.6] — solid curve; theory [4.7] — dashed curve; {(b) Ne 155 — theory. From [4.7]

700 150 cleV]

Comparable values
lower threshold energies =» higher probability at given T,



Electric discharges other processes involved in breakdown of a discharge

4.1.7 Stepwise Ionization

The atoms of a weakly ionized gas are mostly ionized from the ground state.
Many excited atoms and molecules may be formed if the gas is highly ionized,
and stepwise ionization may be predominant. Atoms are first excited by electron
impact and then ionized by subsequent collisions. Long-lived metastable excited,
particles, play_an important role in this process (Table 4.2); their lonization cross

sections are rather high (Fig.4.6).

6.2
g /10 "cm q-/fﬁ % f/k

6 " F. 5 25
Fig. 4.6. Cross sections of ionization of excited metastables by electron impact: (a) He 23 S; experi-
mental data [4.6] — solid curve; theory [4.7] — dashed curve; (b) Ne 155 — theory, From [4.7)

g 5 .
4 80 8 0 72

Comparable values
lower threshold energies =» higher probability at given T,



photoionization

Table 4.3. Cross sections of photoionization of atoms and molecules from the ground state close to
the threshold

Gas hw=1I1,eV XA o, 107%cm?

H 13.6 912 63
He 246 504 74
Ne 216 5715 40
Ar 15.8 787 35
5.14 2412 (.12
4.34 2860 0.012
3.89 3185 0.22
14.6 852 9
13.6 910 26
12.2 1020 ~1
15.58 798 26
154 805 7




Hornbeck Molnar 1onization

4.2.3 Associative Ionization

This process of type A+ A* — AJ +e, discovered by Hornbeck and Molnar
in 1951, is sometimes important in inert gases. The separation of an electron is

excited to states with the principal quantum number n = 3; their ¢lectron binding
energies are from 1.52 to 1.62eV. The bmdmg energy of He is somewhat higher,
T = 400K, the reaction cross

secnuns are 2-107'¢—2.10~" cm?. The associative ionization in mercury vapor
involves two excited atoms,

Hg (6P, E* =4.9¢V) +Hg (6P, E* =4.7¢V) — Hg} +e ,

the first atom being in a resonance and the second, in a metastable state. The total
energy is 9.6eV, less than that required to ionize an Hg atom (Iy, = 10.4eV);
together with the binding energy of an Hg, molecular ion, however (0.15eV), it
is sufficient to 1onize the molecule (/j;




Penning ionization

4.2.2 Ionization by Excited Atoms

Even the high kinetic energy of slow heavy particles is not effective in ioniza-
tion processes. Ionization requires the velocities of atoms and molecules to be
comparable to the electron velocity in atoms, 10® cm/s, which corresponds to
energies of 10 to 100keV, not realizable in discharge conditions. On the other
hand, the atomic excitation energy E* is easily spent on liberating an electron
from another atom, provided, of course, that it exceeds the ionization potential .
Resonance-excited atoms are especially effective in this respect. Thus the ioniza-
tion cross sections of Ar, Kr, Xe, N3, and O; in impacts by He(2! P) atoms with
E*=21.2eVis o = 210~ cm?, which is much greater than the gas-kinetic
value [4.8]. Cross sections for ionization by metastable atoms, also with E* > I
(Penning effect), are smaller but metastable atoms are much more numerous than
short-lived resonance-excited atoms._Cross sections for jonization of Ar, Xe N

CO; by metastable He(2?S) atoms with E* = 19.8eV reach 10~ cm?, and that
of Hg is exceptionally large; 1.4 - 10~ cm? 14.8].




Processes going again ionization
4.3.1 Decay of Plasma

In the absence of an electric field, the charge densities ne = n, in a plasma
without electronegative components decay with time according to the law

iiff— = —finen = e , ] 4.8
dt ). - P TR T T80 oo Bt (4.8)

For example, if the electron-ion recombination coefficient 8 = 10~7 cm? /s and
the initial plasma density n0 = 10'°cm—3, then the characteristic decay time
7r =(Bnd)~! = 1073s. The recombination coefficient can be determined experi-
mentally, by measuring n.(¢) and plotting n;"! as a function of ¢. The slope of

the straight line gives 5.

4.3.2 Dissociative Recombination

4.3.3 Radiative Recombination

Cross sections of the process A* +e — A + hv are very small: o, ~ 102 cm?.
The recombination coefficient is correspondingly small [4.9]

B = (vae) = 2.7 - 1073 {TeV]} " cm®/s ~ 10-2em3/s . (4.9)




Electric discharges

4.3.4 Radiative Recombination in Three-Body Collisions

This process follows the scheme A* +e +e — A +e¢; it is the main process in
high-density low-temperature equilibrium plasma where T =~ T, ~ 10! and the
concentration of molecular ions is too low for dissociative recombination to be
significant. In three-body collisions, electrons are captured by ions to form very
high by excited atoms with a binding energy of order kT. An excited atom is
then gradually deactivated by subsequent electron impacts, it “cascades” down
the level staircase, and finally falls to the ground state from the lower excited
state by radiative transition. This completes the process of recombination; its
coefficient is [4.9]

Berr = 8.75 - 107 {T[eV]} */2n,
=52-1072{TkK]}~*?n,cm®/s . (4.10)

According to (4.9, 10), B exceeds the radiative recombination coefficient if

ne > 3.1-103{TeV]}*" =32 10°{TIkK] P em™2 . (4.11)

The recombination rate constant of triple collisions involving an atom as a
third particle, 3/N, is less than Buy/ne of (4.10) by a factor of 107 — 10®, This
process is not typical for discharge conditions and can manifest itself only at
very weak ionization and high pressures.




Electric discharges — 4.4 Formation and Decay of Negative Ions
Electron attachment

4.4.1 Attachment ¢+ 02+3.6eV - 0+07,
e+C0O,+385¢eV - CO+0" |
e+H,0+425¢V - OH+H™ |
e+H,0+3.6eV—-H;+0™ |
e+H,0+32eV—-H+0OH™ .

Fig. 4.11. Dissociative attachment ratc constant of Oy as a func-
tion of mean electron energy. From [4.12]
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gases. From [4.3] Fig.4.13, vams air humidity values: A: dry air; B:
total pressure , water vapor pressure 2.5 Torr (150/2.5); C (150/5); D (1509); E (150/15); F
and G - air with negligible amount of water vapor. From [4.13, 14]
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in_an _avalanche is determined by the effecuve
coefficient a.s = a — a. If a < a (this happens at E/p less than a certain value
for a given gas, see Sect. 7.2.5), multiplication becomes impossible.
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Electric discharges - cathode

7440 2200
Fig. 4.14. Current density of thermionic emission as a function of cathode temperature for a number
of materials. From [4.16]

ff 77 23 23

Fig. 4.16. Photoelectron emission coefficients (quantum yield) for various metals as functions of
photon energy. From [4.2)
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V dusledku emise opousti povrch katody elektrony s hustotou toku vyj.

E/p,8/(om-mrop)
800 7200

Puc 6.13. KosbduuuenT HOHHO-3MeKTPOHHOR SMHCCHH, onpefefeHHbt U3 Pa3psA-
HOTO SKCMepuMenTa (n. 4.1): @ — Melublii KaTOL B MHEPTHHIX ra3ax; 6 — pasivyHbIe

MeTaJ/Isl B Af; 6 — pasauunsie Metanas B Ny [6]
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7.2 Breakdown and Triggering of Self-Sustained Discharge
in a Constant Homogeneous Field at Moderately
Large Product of Pressure and Discharge Gap Width

Fig.7.1. V' — ¢ characteristic of non-self-sustaining discharge between
plane electrodes
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Obr. 5.2: Zapalovanie vyboja: a) vybojka na meranie zapalovacieho napiitia: K - katéda,
A - andda, UV - ultrafialové ziarenie zabezpecujiice emisiu primarnych elektrénov, VS -

napojenie na vikuovy systém; b) elektrénova lavina; ¢) oznacenie polohy elektréd

medzi elektrodami (obr. 5.2 ¢). Povrch katddy K sa nachadza v mieste = 0 a povrch
anody A v mieste x = d. Elektrony sa pohybuju smerom k andde a vytvorené kladné iony
ku katode, kde zanikaju. Podobne ako v odseku 4.3.1, moézeme napisat rovnicu kontinuity

pre elektrony v jednorozmernej geometrii a v ustalenom stave

dj_ a

dr - V_ n-V_=oj| (5.2)

kde V_ je driftova rychlost elektronov v elektrickom poli (v homogénnom poli je kon-
Stantna) a 0 = a/V_ je prvy Townsendov koeficient. Analogicka rovnica plati aj pre

kladné iony

dj+ . \
— =an_=20j_. 5.3
dx ar- J- (5.3)




S [ L ownsendov vyboj

Prvy Townsendov koeficient § ma rozmer m—1 a oznacuje pocet ionizacii, ktoré vykona

jeden elektron v smere elektrického pola na jednotkovej drahe (na rozdiel od ionizacénej
frekvencie av udavajicej pocet ionizacii za jednotku casu). Ak rovnice odcitame, dosta-
neme

d(j+ —7-) _
dx

0 = j.—j_ =K = konst.

Potom hustota elektrického pridu medzi elektrodami i = e(j, — j_) = ek je taktiez
konstantna, napriek tomu, ze hustoty toku elektronov a idnov sa menia s polohou .

V' homogénnom poli je Townsendov koeficient 0 konstantny a preto mozeme rovnice
kontinuity lahko integrovat

j— = Cexp(dx); jr = Cexp(dx) +1i/e,

kde C' je integracna konstanta. Hodnota tejto integracnej konstanty sa da urcif z hustoty
toku elektrénov na katdode: C'= j_(0). Potom

j— = j_(0)exp(dx); jo=7_(0)exp(dz) +i/e. (5.4)

Problém urcenia hustoty toku j_(0) spoéiva v tom, Ze okrem primarnych elektrénov
emitovanych z katody ultrafialovim zZiarenim (ich hustotu toku oznacime jg), elektrony
emituju aj dopadajice kladné iony. Tento typ emisie sa nazyva potencialova emisia.




Electric discharges Potencialova emisia

a) b)

Obr. 5.3: Emisia elektrénu pri dopade kladného iénu na povrch kovu: a) ién je daleko od

povrchu: £; - ionizadna energia atému, ® - vvstupna praca kovu a e - Fermiho energia;

b) kladny i6n pri dopade na povrch kovu: 1 - elektrén prechédza na nenhsadentt hladinn

v idne, 2 - emitovany elektréon prebera prebytocna energiu Allger ova enlisia
plynu. Ak vsak vypneme ultrafialové Ziarenie, hustota primarnych elektronov ig klesne
na nulu a potom tiez ¢ = 0. Lavinova ionizacia sa teda samostatne neudrzi. Preto tento

typ viboja nazyvame nesamostatny vvboj alebo tiez Townsendov_vvboj. Town-

sendov viboj je teda predprierazovym stadiom. Pri dostatoc¢ne silnych poliach sa zacne

!

lovej emisie opustaju povrch elektréony s hustotou toku ~j, . Koeficient v reprezentuje
vytazok elektronov pri emisii, ktory sa ¢asto (nelogicky) nazyva koeficient sekundarnej
emisie. V teorii zapalovania vyboja sa zvykne nazyvat druhy Townsendov koeficient

(v starsej literature aj treti Townsendov koeficient). Obvykle nadobtuda hodnoty 0,1 —
10—2 (pre i6ény velkych organickych molekul az 10—19).




Breakdown condition: Paschen’s law

When the electric field in the in the electrode space E is sufficiently high to create the multiplication of the
electrons and ions, the avalanche appears. If this multiplication creates a sufficient number of electrons and
ions, it will lead to the electrical breakdown. However, if the processes of free charge species losses are
emphasized, the avalanche multiplication can cease. Due to the statistical nature of both creation and loss of
free species, breakdown may not occur even if applied voltage Uw is higher than the breakdown voltage Ub.

The breakdown condition for the gases at low pressures can
be obtained using Townsend’s theory, including the fact that
influence of the space charge can be neglected in the early
stage of the breakdown. Space charge is needed for the
determination of the regime that will be established after the
breakdown.
I, exp(ad)
No

| — vlexplad) — 1] *

pd (mbar cm)

Figure 1. Breakdown voltage U}, in three gases as a function of
pd values (Paschen curves).

ad = In ( | + —)

t also means that the current can be sustained if the external source of
radiation is absent (N, = 0), 1.e. it is self-sustaining discharge. In other
words, equation (5) represents a condition for breakdown initiation.

Bpd

) ( o )
¥ = ADEeXD || —
@ APEP\ T
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0%

pdicm- Torr/

0! 17 07 02 0%
Fig. 7.2. Breakdown potentials in various gases over a wide range of pd values (Paschen curves) on
the basis of data given in [7.1,2]
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v, Volts

pdicm- Tore/

1° 70 02 0°
Fig. 7.2. Breakdown potentials in various gases over a wide range of pd values (Paschen curves) on 200

the basis of data given in [7.1,2] ) D4 48 10 ?f{s' P, pd;‘cm Torr]
Fig.7.3. Paschen curves on an enlarged scale [7.3]

Bpd
~In(Apd) — In[In(1 + 1/y)]

Uy, =



Paschen law curves
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Breakdown Fields in Moderately Large Gaps
in Air and Other Electronegative Gases at Atmospheric Pressure
Limiting Values of pd for the Townsend Breakdown Mechanism

Fig. 7.4. Breakdown fields in a plane
gap of length d in air at p = laim.
From [7.1]
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Fig.7.5. lonization and attachment frequencies in air, calcu-
lated using the solution of the kinetic equation. Intersection
at E/p=41V/cm-Torr
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Table 7.1. Amimam values of breakdown threshold at high pressure

Gas Constant field, gap width less Microwaves,
than several cm, p ~ 1 atm p ~ 100-300 Torr

E/p E/p E/p
kV/(cm-atm) V/(cm-Torr) V/(cm-Torr)

10 13 3
1.4 1.9 3-5
27 36 5-10
20 26 10-15
35 46 ~ 25
- 30 40 35
i 32 42 ~ 30
H 100
CCLE; 76 100
CSFg 150 200
CCly 180 230
SF 89 117

* Freon
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Breakdown in Microwave Fields and Interpretation
erimental Data Using the Elementary Theory
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Fig. 7.8. Measured thresholds of microwave breakdown (7.6] (a) air, f = 9.4 GHz, diffusion length

A is indicated for each curve; (b) Heg gas (He with an admixture of Hg va , A =0.6cm h
i par), 0. +
++w ||.+++;d*

plTorr]
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Fig.7.10. Thresholds of microwave breakdown: (a) Ar, (1) f = 28GHz, A = 0.15cm; (2) f =
0.99GHz, A = 0.63cm; (b) Xe, f = 2.8GHz, A = 0.10cm. Solid curves, results of calculations
[7.71; dashed curves and crosses give experimenial data [7.5]

for the total number of electrons, N, in the discharge volume:

Influence of diffusion len dNe/dt = va _vNe , va= D/AT, a7

where vy is the frequency of diffusion losses of electrons. This equation describes
the ionization kinetics of the gas.




RF discharges

Influence of diffusion length

OKOJIO KPHBEIX YKa3aHbl
EEQOY3HOHHBIE JAJHHE Al
6 — HECKOJIbKO rasoB, f=
=0,99 ITu, A=0,63 cm;
¢ — Heg-ras (renuii c¢ no-
6aBKOH napoB  PTYTH),
A=0,6 cm [24]
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Influence of diffusion length

7.3.2 Ionization Kinetics Equation

When oscillation displacements are small, electron densities obey an equation of
type (2.44):

One/Ot = Dine + (i — va)ne , D = Do (7.6)

(electrons diffuse freely in breakdown). If the condition w > vnd (Sect.5.5.2)
holds (it is satisfied for microwave frequencies), the electron energy distribution
is quasisteady and the ionization and attachment frequencies, 14 and v,, are de-
termined by the root-mean-square field E. The dependencies 15(E), v,(F) are
much stronger than D.(E), so that D.(E) ~ const. For simplification, assume
that the field is spatially homogeneous, and hence, 1; and 1, are independent
of coordinates. Averaging (7.6) over the volume, we obtain, in accord with the
results of Sect. 4.5, an equation for the mean density, or (which is equivalent)
for the total number of electrons, N, in the discharge volume:

dN./dt = (15 ~ va — va)Ne , va=DJA*, .7

where vy is the frequency of diffusion losses of electrons. This equation describes
the ionization kinetics of the gas.




= S g [ I a - o [5l 7.3.3 Steady-State Background Criterion

Assume that the external field is switched on in a time small in comparison
with the characteristic time of multiplication and remains constant during the
avalanche buildup. This constraint covers not only stationary, but also pulsed

fields with not too short pulses and sufficiently small rise time. Under this as-
sumption, 14(t), v4(t) = const after the moment ¢ = 0 at which the field is switched

on, and (7.7) has an exponential solution typical of an avalanche process:

Ne = Neoexp[(1i — va — 1g)]l = N exp (t/9) (7.8)

where @ is the avalanche time constant, and N is the number of seed electrons
that start the avalanche.! Breakdown is impeded in experiments with short pulses,
since the probability of an electron appearing in the region of the field at the
necessary moment is quite low and the avalanche has to be initiated by injecting
a small number of electrons. For this purpose, a weak radioactive source is used.

According to (7.8), an avalanche develops if 14 — vy —vg > 0; this condition is
met if the field exceeds a threshold F; determined by the steady-state breakdown
criterion:

u(Ey) = vy + va(Ey) . (7.9)

As an example, consider breakdown in helium, for p = 1 Torr, A = 3 cm, diffusion
length A = 1cm, D = 2-10% cm?/s, time of diffusion to the walls v; ' ~ 5-10~7s,
diffusion frequency v4 =~ 2-10%s~!, and no attachment. The avalanche develops
if 4 > vg~ 2108571, We will show a little later that the ionization frequency
v < E? under the most favorable conditions for multiplication (zero electron
energy losses). If losses, especially inelastic, are nonzero, the y; vs. E curve
is much steeper. Hence, if the field increases by 10% in comparison with F,
then @1 = 15 — 1y > 0204 ~ 4 - 10°s~!. The number of electrons is doubled
every ©/1n 2 < 1.7 us, which is a very high rate. In many cases, it is sufficient
for a reliable realization of breakdown. As a result, stationary criterion (7.9)
determines with good accuracy [like criterion (7.1)] the breakdown threshold of
gases for “not too short” pulses.
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1.5 Optical Breakdown

The discovery of the optical breakdown effect, in 1963 [7.8], became possible
only after the development of ()-switched lasers that produce light pulses of
tremendous power, called “giant pulses”. When the light of such a (ruby) laser
was passed through a focusing lens, a spark flashed in the air, in the focal region,
as in the electrical breakdown of a discharge gap. The discovery was a complete
surprise for physicists and produced a sensation at the time, though the element
of surprise has worn off by now. Gas breakdown at optical frequencies requires
a tremendous field strength, 10°~107 V/cm, in the light wave; this was unthink-
able before the advent of the laser. Furthermore, the necessary light intensity,
about 10° MW/cm?, could only be reached by focusing the light of not just an
ordinary laser, but one operating in th giant pulse regime. The new effect caused
unparalleled interest among physicists. In a short time, it was experimentally and
theoretically investigated to such a degree [7.7], that by now we know at least
as much about it as about its closest analogue, the microwave field breakdown.

Fig. 7.11. Measured threshold fields for the
breakdown of Ar and He by ruby laser ra-
diation; pulse length 30 ns, diameter of focal
spot 2-10~2cm [7.9]
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Fig.7.13. Breakdown thresholds of in-
ert gases in the radiation of a2 C(Q; laser
{7.7]. The black dots represent data for
helium of a higher purity

7.5.3 Breakdown Thresholds of Atmospheric Air

These data are very important. Quite a few physical experiments employ high-
intensity laser beams, Electrical breakdown of air on the beam path to the target
is an obstacle for light propagation because of absorption in the plasma. For
example, in such experiments with high-power beams as target irradiation for
fusion experiments one has to send the beam to the target through vacuum. The
threshold intensity for the giant pulse of a ruby laser and an ordinary focal spot
diameter of 10-2cm is S, & 10! W/cm?, and the field is Ey ~ 6 - lé V/cm.,
The breakdown threshold of nonfiltered air by focused CO; laser radiation is
roughtly 2 - 10° W/cm?, and that of dust-free air is not lower than 10'° W/cm®.
The tiniest dust particles floating in the air greatly facilitate the breakdown by
CO, laser radiation, while their effect is negligible for the neodymium and, in
particular, ruby lasers. This difference appears because the short-wave radiation

of solidstate lasers “supplies itself” with the seed electrons required for starting
an avalanche. The long-wave radiation of CO, lasers cannot do this in a pure

gas.
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7.7 Breakdown in RF and Low-Frequency Ranges
"1,
H I

Fig. 7.18. Excitation of rf discharges: (a) inductively coupled through a solenoid coil; (b) voltage
applied to electrodes in contact with plasma; (c) electrodes insulated from plasma (electrodeless,

capacitively coupled rf discharge)
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Fig.7.20. Ignition potentials of ccrf discharge for various oscillation wavelengths [7.15]

40 pllorr/

Fig. 7.19. Tgnition potential of capacitively coupled if discharge in neon (V{), f = 158 MHz; 4 is
the distance between the planar electrodes (which are covered by glass). Dashed curves show the
Juming yoltage of 2 steadv discharge, Vi [7.15]
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Electrical discharge regime

® Dark discharge

- A-B During the background ionization stage of the process the eleciric field applied along the axis of the discharge
tube sweeps out the ions and electrons created by ionization from background radiation. Background radiation from cosmic
rays, radicactive minerals, or other sources, produces a constant and measurable degree of ionization in air at atmospheric
pressure. The ions and electrons migrate to the electrodes in the applied electric field producing a weak electric current.
Increasing voltage sweeps out an increasing fraction of these ions and electrons.

- B-C If the voltage between the electrodes is increased far enough, eventually all the available electrons and ions are
swept away, and the current saturates. In the saturation region, the current remain constant while the voltage is increased.
This current depends linearly on the radiation source strength, a regime useful in some radiation counters.

- C-D If the voltage across the low pressure discharge tube is increased beyond point C, the current will rise
exponentially. The electric field is now high enough so the electrons initially present in the gas can acquire enough energy
before reaching the anode to ionize a neutral atom. As the electric field becomes even stronger, the secondary electron may
also ionize another neutral atom leading to an avalanche of electron and ion production. The region of exponentially
increasing current is called the Townsend discharge.

- D-E Corona discharges occur in Townsend dark discharges in regions of high electric field near sharp points, edges, or
wires In gases prior to electrical breakdown. If the coronal currents are high enough, corona discharges can be technically
“glow discharges’, wisible to the eye. For low currents, the entire corona is dark, as appropriate for the dark discharges.
Related phenomena include the silent electrical discharge, an inaudible form of filamentary discharge, and the brush
discharge, a luminous discharge in a non-uniform electric field where many corona discharges are active at the same time
and form streamers through the gas.

Breakdown

- E Electrical breakdown occurs in Townsend regime with the addition of secondary electrons emitted from the
cathode due to ion or photon impact. At the breakdown, or sparlang potential V;, the current might increase by a factor of
10* to 105, and is usually limited only by the internal resistance of the power supply connected between the plates. If the
internal resistance of the power supply is very high, the discharge tube cannot draw enough current to break down the gas,
and the tube will remain in the corona regime with small corona points or brush discharges being evident on the electrodes.
If the internal resistance of the power supply is relatively low; then the gas will break down at the voltage Vg, and move into
the normal glow discharge regime. The breakdown voltage for a particular gas and electrode material depends on the
product of the pressure and the distance between the electrodes, pd, as expressed in Paschen’s law (188g).

Glow discharge

- F-G After a discontinuous transition from E to F, the gas enters the normal glow region, in which the voltage is almost
independent of the current over several orders of magnitude in the discharge current. The electrode current density is
independent of the total current in this regime. This means that the plasma is in contact with only a small part of the
cathode surface at low currents. As the current is increased from F to G, the fraction of the cathode occupied by the plasma
increases, until plasma covers the entire cathode surface at point G.

- G-H In the abnormal glow regime above point G, the voltage increases significantly with the increasing total current
in order to force the cathode current density above its natural value and provide the desired current. Starting at point G and
moving to the left, a form of hysteresis is observed in the voltage-current characteristic. The discharge maintains itself at
considerably lower currents and current densities than at point F and only then makes a transition back to Townsend regime.

® Arc discharge

- H-K At point H, the electrodes become sufficiently hot that the cathode emits electrons thermionically. If the DC
power supply has a sufficiently low internal resistance, the discharge will undergo a glow-to-arc transition, H-I. The arc
regime, from I through K is one where the discharge voltage decreases as the current increases, until large currents are

point |, and after that the voltage increases slowly as the current increases.




Regions in the DC Glow Discharge Tube

Cathode m— Anode

»,

Battery w Vacuum Pump

A glass tube, about 16 inches long and 1 1/2 inches in diameter, is hermetically
sealed at both ends. Two metal probes are fused into the tube at each end. The
physicist applies a potential of a few thousand volts across both probes. With the aid
of a vacuum pump he sucks the air out of the tube, thus lowering the pressure inside
the glass tube.

http://www.newjerusalemnetwork.net/emmanuel/great_wall3.html



Electric discharges V-A characteristic
ZFP PGS 2006 lecture 4

Direct current (DC) glow discharge

arc transition

Fig. 1-3

Glow discharge setup (a)
V' = f (1) Characteristic in glow discharge. Stable working

Reactive plasmas
Andre Ricard



Glow discharge...

Structure of glow discharge
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Glow discharge...

Structure of glow discharge

Cathodé

d5I1la
T ~Z f +

Anode

. — |

— .
(‘athﬂdm Faraday dark space/ Anode glow \

Aston Negative glow
dark space Cathode dark space

Positive column Anode dark space

: cathode material, secondary electron emission coefficients

: a thin region with a strong electric field, and a negative space charge. Electrons are too low density and/or

energy to excite the gas

: reddish or orange color in air due to emission by excited atoms sputtered off the cathode surface, or incoming
positive ions, High ion number density

: moderate electric field, a positive space charge and a relatively high ion density
: Most of the voltage drop, known as cathode 211V, most of the power dissipation, electrons are accelerated in

this region, the axdal length of the cathode region determined by Paschen minimum

: accelerated electrons produce ionization and intense excitation, hence brightest light intensity, relatively low
electric field, longer than cathode glow, typical electron density of 10*° electrons/m?

: low electron energy due to lonization and excitation, electron number density decreased by
recombination and radial diffusion

: quasi-neutral plasma, small electric field of 1V/cm, electron number density of 10%5-10" electrons/m?,
temperature of 1-2 €V, long uniform glow

: bright region at the boundary of the anode sheath
: anode sheath, negative space charge, higher electric field than positive column

High-voltage Pulsed Power Engineering, Fall 2018




Arc discharge...

Arc discharge

® Electrons emitted from the cathode spot can be produced mainly by thermionic
emission if the cathode is made of a high-melting-point metal (e.g., carbon,
tungsten, or molybdenum). With cathodes of low melting point, electrons can be
supplied by field emission from points of micro-roughness where the electric field

is highly concentrated.

® An additional important source of electrons at the cathode is ionized metal vapor.

arc Column

dark discharge glow discharge arc discharge ﬁ_&a e Bng Q:¢:$:
H [ L = 1
]

townsend regime E.... — S q:‘-wﬁg- [
corona & fa.ﬁ?@&"_@ p_@_::a...
#— breakdown voltage Plasma

' glow-to-arg
* iransilion
- Yaltage
i Distribution

Alorg  Arc
riarmal abnormal

Voltage, V, Volts

saluration

™ Lo
Bgima glow a

/
= TR
= thermmial
4 #+—background icnzation

10" 10" 10" 10"
Current, |, Amps
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GLOW DISCHARGE MASS SPECTROMETRY
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Corona discharge...

Corona discharges

® Corona discharges appear in gases when electrodes have strong two-
dimensional variations.

® Corona (crown in Latin) is a pattern of bright sparks near a pointed electrode. In
such a region, the electric field is enhanced above the breakdown limit so that
electron avalanches occur.

Current carried by
electron drift

(no ionization)
0" l

-Hv

Enhanced field region /

(self-sustained breakdown)
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Glow discharges

DOUTNAVY A TEMNY VYBOJ

TEMNY VYBOJ: Prvni samostatny vyboj, bez svételnych projevi.

DOUTNAVY VYBOJ: Katodovy tibytek (stovky voltit), rozloZeni prostorovych
naboju, nerovnovaha: T,= 15-80 tis. K, T;/,= 300 K

KATODOVA CAST VYBOJE: 12345 6 78

katodove )

{ | & doutnavé svétlo kladny sloupec anoda
>

e
/ \ katoda

I )Astonuv prostor . -
LK A/

2)Katodova vrstva N— —
3)Crokestiv temny prostor
4)Doutnavé katodové svétlo
5)Faradaytv temny prostor

KLADNY SLOUPEC VYBOIJE:
6)Kladny svételny sloupec Obr.: 21. U-graf Doutnavy vyboj.
7)Temny anodovy prostor Rap

8)Anodové doutnavé svétlo

U

-  —>

katodova Faradaylv temny anodoveé
vrstva prostor doutnavé svétlo




Potentials along the Tube
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Charge density

=@(n, ~np)

Charge density (total)

Yu. P. Raizer. Gas Discharge Physics. Springer, Berlin, 1991.



Regions in the Glow Discharge Tube I

Cathode layer Negative glow Positive column
Anode glow

Dark

spaces Anode

Faraday

50 cm at 1 Torr

Plasma Sources Sci. Technol. 12 (2003) 295-301



Potentials along the Tube
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Figure 4-3 Structure of a DC glow discharge with corresponding potential, electric field,
charge, and current distributions.
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Figure 4-3 Structure of a DC glow discharge with corresponding potential, electric field,
charge, and current distributions.
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Definition of breakdown voltage and time delay

Electrical breakdown in gases does not take place instantly upon applying a voltage U, to the electrodes
of gas-filled tube, but after a corresponding delay known as electrical breakdown time delay t;4 that is
mutually dependent on U,. Due to the statistical nature of processes which initiate breakdown, U, and t, are
mutually dependent stochastic variables with certain distributions. The distribution function of t; defines the
probability of electrical breakdown in any time interval.

U, is the voltage when the gas transits from non-selfsustaining to self-sustaining discharge

Due to the fluctuation of the parameters a and y with time, the electrical breakdown usually does not
occur for the same voltage in a series of experiments. Also, the breakdown voltage depends on the time
dependence of the applied voltage.

t, 1s the time elapsed from the instant of time when applied voltage reaches the breakdown voltage to the
moment when it starts to decrease due to the breakdown in gas-filled tube

The other definition states that t,1s the time interval between the moment of U, (U,, > U,) application on the
tube and the moment when the tube current exhibits a detectable discharge.

The t, consists of the statistical time delay (t,) and formative time (t; ), i.e. t; =t,+ t;



Breakdown voltage as a function of rate

U, 1s the measured breakdown voltage and k is the rate of the increase of the applied voltage

B Experiment
— Fitting

6 8
k(V/s) k (V/s)

s a function of the rate ignre 4. Breakdpwn voltage U, as a function of the rate
. = 10-100V s™ | of increase of the applied voltage.

Rate k=V/s



Breakdown voltage as a function of rate

U 130
B '\_ B Experiment
., o Fitting
.0

Figure 3. Breakdown voltage U, as a function of the rate
k = 1-12Vs~! of increase of the applied voltage.

estimated Ug value was =390V

Extrapolation of the U, = f (k) dependence to the intersect with U, -axis (for k = 0) gives the
estimation of U,.

The t; consists of the statistical time delay (t,) and formative time (t;), i.e. t; =t ,+ ¢,



Breakdown voltage as a function of rate Statistical character of t

ig_ =0.4 mA

—0— 1=50 ms

— 00— 1=05s

—a— 1=1s

Afterglow length
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Figure 9. Mean value of time delay 7, as a function of overvoltage

Statistical character of t,




Breakdown voltage as a function of rate
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Statistical character of t,

Iy = 0.4 mA
—0— 1=50ms
—0o— t=035s

—a— 1=1s

figure 9. Mean value of time delay 74 as a function of overvoltage
AU /U for three different values of afterglov iod for
nitrogen-filled tube at pressure 1.3 mbar [27] (©1998 IEEE).

10°
T (ms)

Figure 7. Formative time f; as a function of afterglow period t for
nitrogen-filled tube at pressure 1.3 mbar [28].




Influence of different experimental parameters on time delay

O 1.3 mbar
O 4.0 mbar
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T=50ms
—0o— (4 mA

—O0— (.o mA

Loyl

—(F

100
T 107! 10° 10! U= U V)
iy (mA) Figure 12. Mean value of time delay 74 as a function of difference

Figure 10. Mean value of time delay 7y as a function of overvoltagd Figure 14. Mean value of time delay #3 as a function of glow current petween the- applied volage ind the s.,tatic _breﬂkdown vgltage
AU/ U, for two different values of glow current for nitrogen-filled g . < < ay Ig as & g U, — U, for nitrogen-filled tube at pressure 7.0 mbar with three

30
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=]
L

tube al pressure 1.3 mbar [27] (©1998 IEEE). i for three nitrogen-filled tubes with different pressures [40]. pairs of electrodes made of Al, Pb and Mo [35].
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_ Figure 13. Mean value of time delay 73 and static breakdown
Figure 11. Mean value of time delay #, as a function of overvoltage voltage U, as a function of a number of breakdowns N for
AU/ U, for nitrogen-filled tube at pressure 1.3 mbar in the cases nitrogen-filled tube at pressure 97.5 mbar. (A)fy = f(N), T = 10s;
with/without illumination lamps [32]. (B) U, = @(N) [39].
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Breakdown dependence on history
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Figure 14. Mean value of time delay 5 as a function of glow current

iy for three nitrogen-filled tubes with different pressures [40].

Figure 15. Memory curves for three nitrogen-filled tubes with
different pressures.
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Figure 17. Memory curves for hydrogen-filled tube and
nitrogen-filled tube at pressure 6.7 mbar [66].
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Figure 16. Memory curves for Cu and Au cathode for
nitrogen-filled tube at pressure 6.7 mbar [57].
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Townsend 1st ionization coefficient

® When an electron travels a distance equal to its free path A, in the direction of
the field E, it gains an energy of eEA,. For the electron to ionize, its gain in
energy should be at least equal to the ionization potential V; of the gas:

1 1 5 00—
edAE = eV, Ao = = GCE ;gﬁE

® The Townsend 15t ionization coefficient is equal 2000k

to the number of free paths (= 1/4,) times the

probability of a free path being more than the
lonizing length 4,,,

1 Adie) 1 Vi
E'IGC;{—EEK]} _l_e C{ZEX—[J 1 E

B
a/p = Aexp (_E—/p)

® A and B must be experimentally determined for

different gases. VW A

—E—{kw m-kPa)

'|m:l:—

500}

&
=
E
i
g
[ =
=
2
¥
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Calculation of avalanche...

Townsend’s criterion for breakdown

® Secondary electron emission by ion impact: when heavy positive ions strike the
cathode wall, secondary electrons are released from the cathode material.

® The self-sustaining condition is given by

E,a'd 1
M= wd — 00 ad=In{1+-
1—-y(e* —1) y

® Paschen’s law Townsend 2" jonization coefficient

B 1
a/p = Aexp (—m) i ad = In (1 + ;)

B Bpd
ad = Apdexp —m = Apdexp| — 7

Bpd

Vs = nlapd/In(1 £ 1/7)]

= f(pd)

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Paschen curve

® Minimum breakdown voltage

ebB 1
VB,min — ?hl 1 + ;

e
at (pd-)min = Hlﬂ (1 + v

P}" l’:ﬂ;‘{i‘f I 1 T ! LN | T

0%~

Ar

pdicm Torr!

1 IIIE I Il.lj.

1

1 1

159 707

e

7%

l{:.rm'n {v} { Pd } min [E{'IIT-EI'I'IJ

327 0.567
137 0.9
273 1.15
156 4.0
420 0.51
251 0.67
450 0.7

Main factors:
Pressure
Voltage
Electrode distance
Gas species
Electrode material (SEE)

Small pd : too small collision
+ Large pd: too often collision

High-voltage Pulsed Power Engineering, Fall 2018
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Calculation of avalanche...

Summary of Townsend gas breakdown theory

Breakdown
&
Glow Plasma

O-process .
— Dependent on gas species = =>
- Electron avalanche by electron
. multiplication

T s O O S G S S S S e

T-process :
Dependent mainly on cathode
material and also gas species
Supplying seed electron for a-

Process

® Two processes (a and y) are required to sustain the discharge.

® How about electronegative gases (e.g. SF6) which are widely used for gas
insulation?

o,

High-voltage Pulsed Power Engineering, Fall 2018
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Electrodeless Reactors

GAS IN—= ' Inductive coupling

| P S N e W S L S L g L S

()
N

INDUCTIVE COUPLING

msm....@ D Ga Capacitive coupling

CAPACITIVE COUPLING

However, for the deposition of films by RF sputtering, internal cathode targets are
required.



RF diode discharge

For technological applications —
surface treatments

RF 13.56 Mhz

Impedance matching

Dark space

yd
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Pumps

p =10 - 100 mTorr
W < 100 Watts
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Microwave discharge

HF power

Variable
cut-circuit

Microwave discharge - surfaguige discharge



Stationary afterglow + Spectroscopic identification of recombinin

d[H;]
dt

=—a{H;In, =—a{H;

IR-CRDS
Laser absorption spectroscopy

He/Ar/H,
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. A special characteristic of surface waves is to propagate along the discharge
Surfatron d |5Charge tube wall and to penetrate inside the tube to create the plasma. The radial

distribution of electric field is given by the following equation (note 2 p. 11) :

Er)=ALBn'"r) (1-34)

vhere A and B are constant values and 1, is the modified Bessel function.

L y T " T ‘ T i T i ! ) T
. | © f=200 MHz ;
- & f=500 MHz
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Axial distribution of electron density, measured in microwave
plasma columns (Ar, 0.1 Torr, R = 1.3 cm) at 200 and 500 MHz.
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Surfatron ZFP PGS 2005 lecture 4

600 MHz ARGON 100 mTorr
15 — - —

S Thus, the E(r) value is maximum for r = R and it is minimum for r = 0.
12a=34 mm % The local maximum of electric field at the tube wall is more pronounced as

'2a=26 mm

r 22a-26 mm the electron density and the tube radius increase. This effect has been
),/ . . ‘ ! . . . (9}
I observed by analyzing the plasma light

-a -a/2 0 +a/2 a
Radial distance

Light intensity (a.n.)

ARGON 200 mTorr 2a = 26mm

o
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E
[72]
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Radial distance

Radial distribution of the Ar I 549.6 nm line intensity in microwave
discharge.

(aj 600 MFz, 0.1 Torr and several values of diameter (2a)
(b) diameter 2a = 26 mm and several values of microwave frequencies.




Surfatron

Surfatron plasma source working at frequency 2.45 GHz
for technological applications
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Types of plasmas (electron density) PLASMAS - THE 4th STATE OF MATTER

. ' 7cm

Stars (density n < 107 cm) CHARACTERISTICS OF TYPICAL PLASMAS

hd SOIar WlndS (den5|ty n < 107 Cm'?’) Plasmas consist of freely moving charged particles, i.e., electrons and ions. Formed at high tempera-
- tures when electrons are stripped from neutral atoms, plasmas are common in nature. For instance,

L Coronas (denSIty n < 107 Cm-S) stars are predominantly plasﬁz. Plasmas are a "Fourth gtate of Matter” because of their unique physi-

cal properties, distinct from solids, liquids and gases. Plasma densities and temperatures vary widely.

« lonosphere (density n < 107 cm-3)

* Glow discharge (density n = 108 ~ 101% cm™3) Maigngtic 'conﬂ!‘mgtl
. usion
e Arcs (density n = 108 ~ 104 cm?) reactor el

« High-pressure arc (density n ~ 102° cm-3)
« Shock tubes (density n ~ 1020 cm-3)
« Fusion reactors (density n ~ 102° cm-3)

Solar wind / on5|gn

o

04 Interstellar space fjyorescent light
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Number Density (Charged Particles / m3)

http://[fusedweb.pppl.gov/CPEP/Translations.html



Paschen law — data gama  |EERIesIGL)
1 —E’!}ip (od) — 1]

V dusledku emise opousti povrch katody elektrony s hustotou toku vyj.

E/p,8/(om-mrop)
800 7200

Puc 6.13. KosbduuuenT HOHHO-3MeKTPOHHOR SMHCCHH, onpefefeHHbt U3 Pa3psA-
HOTO SKCMepuMenTa (n. 4.1): @ — Melublii KaTOL B MHEPTHHIX ra3ax; 6 — pasivyHbIe

MeTaJ/Isl B Af; 6 — pasauunsie Metanas B Ny [6]
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Regions in the DC Glow Discharge Tube

Cathode > Anode
e dh

Battery w Vacuum Pump

A glass tube, about 16 inches long and 1 1/2 inches in diameter, is hermetically
sealed at both ends. Two metal probes are fused into the tube at each end. The
physicist applies a potential of a few thousand volts across both probes. With the aid
of a vacuum pump he sucks the air out of the tube, thus lowering the pressure inside
the glass tube.

http://www.newjerusalemnetwork.net/emmanuel/great_wall3.html



Formation and destruction of H,*(v=0)
in He/Ar/H, microwave dlscharge

Laser — Single-mode tuneable diode laser,
A=1470£10nm; P~3 mW
Mirrors — R = 99.994%,
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Kinetic temperature of H.*

T . =140 %
measured from the Doppﬁer broademng - 140 % 10K
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Recombination of H,*(v=0)
in He/Ar/H, Stationary afterglow
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CRDS 2003 Yesterday’s results
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Decay of H,*(v=0) .... iteration
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Spectroscopy of discharge in He/Ar/H2 pu?fpmg R
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Formation of para-H3+ and ortho-H3+

"H; +e” —“tyneutral products

°H; +e” —t neutral products

p PLy+ pH;] P+ o+
== aef‘f[ H3]ne_ _Vpo[ H3]+Vop[ H3]

D

0 opy+ °H; + opy+
]__ aeff[ Ha]ne_[T : +Vpo[pH3]_Vop[ H3]

600r Ortho Para Para Ortho

l(s,s)

(22

=
o
o

o

O 300 K discharge
A 170 K discharge
Vv 170K afterglow

He/Ar/H,




Calculation of avalanche...



Calculation of avalanche...



DC glow discharges
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Paschen’s law 1
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C, and C, = constants that change with the nature of the gas
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Current—voltage (i —V' ) characteristics of direct current (dc) electrical discharge
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Characteristics of DC glow discharge 1
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Fig. 24 Regions and characteristics of a DC glow discharge: (a) discharge regions;
{h) potential distribution in discharge tube; (c) distribution of electric field
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» The dark regions are called the cathode or Crooke’s dark space,
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Faraday dark space, and the anode dark space.
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Low pressure normal glow discharge
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Cathode: made of an electrically

conducting metal, y, of which has a
significant effect on the operation of the
discharge tube.

Aston dark space: a thin region with a
strong electric field and a negative
space charge. The electrons are of too
low a density and/or energy to excite the
gas, so it appears dark.

Cathode glow: has a relatively high ion
number density. The length depends on
the type of gas and the gas pressure.

Cathode (Crookes. Hittorf) dark space:

has a moderate electric field, a positive
space charge, and a relatively high ion
density.

Penning discharge plasma sources produce a dense plasma
at pressures far below than most other glow discharges

-]
-

Strong axial magnetic fields: to prevent electrons from intercepting
the anode.

Axial electric fields: electrons are reflected by opposing cathodes.
Muiltiple reflection of the electrons along axis.
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http://www.exo.net/~pauld/origins/glowdisharge.html
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http://en.wikipedia.org/wiki/Image:Glow-discharge-schematic.gif

Sprite and Glow Discharge Tube

Sprite light in the atmosphere (left) and in a laboratory glow discharge tube (right). In
both cases, the light near the positive (anode) end is red and arises from the collisional
excitation of neutral nitrogen molecules by free electrons. Also in both cases, the light

near the negative (cathode) end is blue and arises from the collisional excitation of N,*
ions by free electrons.

http://ww.physicstoday.org/pt/vol-54/iss-11/captions/p41cap3.html http://www.emitech.co.uk/sputter-coating-brief3.htm
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Electric discharges - data
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Electric discharges Townsend avalanche theory
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a)

Obr. 5.2: Zapalovanie vyboja: a) vybojka na meranie zapalovacieho napiitia: K - katéda,
A - andda, UV - ultrafialové ziarenie zabezpecujiice emisiu primarnych elektrénov, VS -
napojenie na vikuovy systém; b) elektrénova lavina; ¢) oznacenie polohy elektréd

medzi elektrodami (obr. 5.2 ¢). Povrch katddy K sa nachadza v mieste x = 0 a povrch

anody A v mieste x = d. Elektrony sa pohybuju smerom k andde a vytvorené kladné iony
ku katode, kde zanikaju. Podobne ako v odseku 4.3.1, mézeme napisat rovnicu kontinuity
pre elektrony v jednorozmernej geometrii a v ustalenom stave

dj_ ! s e
47— - =3 n_V_=240j_ (5.2)

kde V_ je driftova rychlost elektrénov v elektrickom poli (v homogénnom poli je kon-
Stantna) a 0 = a/V_ je prvy Townsendov koeficient. Analogicka rovnica plati aj pre
kladné iony

dj+ o :
= A= dj_. (5.3)




S [ L ownsendov vyboj

Prvy Townsendov koeficient § ma rozmer m—1 a oznacuje pocet ionizacii, ktoré vykona
jeden elektron v smere elektrického pola na jednotkovej drahe (na rozdiel od ionizacnej
frekvencie av udavajicej pocet ionizacii za jednotku casu). Ak rovnice odcitame, dosta-
neme

d(j+ —J-) _

dx
Potom hustota elektrického pridu medzi elektrodami i = e(j, — j_) = ek je taktiez
konstantna, napriek tomu, ze hustoty toku elektronov a idnov sa menia s polohou .

0 = j.—j_ =K = konst.

V homogénnom poli je Townsendov koeficient o konstantny a preto modZeme rovnice
kontinuity lahko integrovat

j— = Cexp(dx); jr = Cexp(dz) +ije,

kde C' je integracna konstanta. Hodnota tejto integracnej konstanty sa da urcif z hustoty
toku elektrénov na katdode: C'= j_(0). Potom

j- = j-(0)exp(dz);  j+=7j-(0)exp(dz)+i/e. (5.4)

Problém urcenia hustoty toku j_(0) spoc¢iva v tom, Ze okrem primarnych elektronov
emitovanych z katody ultrafialovym ziarenim (ich hustotu toku oznacime jg), elektrony
emituju aj dopadajice kladné iony. Tento typ emisie sa nazyva potencialova emisia.




Electric discharges Potencialova emisia

a) b)

Obr. 5.3: Emisia elektrénu pri dopade kladného iénu na povrch kovu: a) ién je daleko od

povrchu: £; - ionizadna energia atému, ® - vvstupna praca kovu a e - Fermiho energia;

b) kladny i6n pri dopade na povrch kovu: 1 - elektrén prechédza na nenhsadentt hladinn

v idne, 2 - emitovany elektréon prebera prebytocna energiu Allgel“ ova enlisia
plynu. Ak vsak vypneme ultrafialové Ziarenie, hustota primarnych elektronov ig klesne
na nulu a potom tiez ¢ = 0. Lavinova ionizacia sa teda samostatne neudrzi. Preto tento
typ vvboja nazyvame nesamostatny vyboj alebo tiez Townsendov vyboj. Town-
sendov viboj je teda predprierazovym stadiom. Pri dostatoc¢ne silnych poliach sa zacne
lovej emisie opustaju povrch elektréony s hustotou toku ~j, . Koeficient v reprezentuje

vytazok elektromov pri emisii, ktory sa casto (nelogicky) nazyva koeficient sekundarne;
emisie. V teorii zapalovania vyboja sa zvykne nazyvat druhy Townsendov koeficient
(v starsej literature aj treti Townsendov koeficient). Obvykle nadobida hodnoty 0,1 —

10=3 (pre iény velkych organickych molekil az 10719),




Electric discharges
Teraz sa vratime k rovniciam (5.4). Hustotu toku j_(0) mozno totiz napisat ako sucet
toku primarnych elektronov a elektronov od potencialovej emisie

j-(0) = jo — 73+ (0).

Zaporné znamienko pred hustotou toku kladnych ionov suvisi s orientaciou sturadnic,
pretoze j_(x) = 0, jo > 0 a jo(x) < 0.7 (5.4) vyplyva j.(0) = j_(0) + i/e, ¢o umozni
napisat vysledni hustotu toku elektrénov na katode

: Jo — yije
{0) = ———.

Tymto vztahom uz mame urc¢eny stvis medzi hustotami toku nabitych ¢astic a hodnotami
jo a hustotou prudu i. Pripomenme, ze z orientacie osi x vyplyva 7 < 0. Kladné iony —
na rozdiel od elektronov — sa pohybuji smerom ku katode. Smerom k andde ich hustota
toku by mala klesat. Vzhladom na to, Ze andda neemituje kladné iény zo svojho povrchu,
hustota toku kladnych ionov na andde je nulova: j._(d) = 0. Potom postupne dostaneme
nasledujice vztahy

o (d) = j_(0) exp(6d) + = = L

e

1+~
Z posledného vztahu mozno vypocitaf hustotu elektrického pridu

ip exp(dd)

TIC vlexp(dd) — 1]’




Electric discharges

B ig exp(dd)
1 —ylexp(dd) — 1]’

V slabom elektrickom poli elektrony neziskavaji dostatoénii energiu na ionizaciu,
preto 6 = 0. Vtedy ¢ = ip — prud medzi elektrodami prenasaju len primarne elektrony od
ultrafialoveho ziarenia. Ak elektrické pole zosilnujeme, zvicsuje sa aj prvy Townsendov

koeficient 6 a prud ¢ zacne rychlo narastat. Tento narast stavisi s lavinovou ionizaciou
plynu. Ak vsak vypneme ultrafialové Ziarenie, hustota primarnych elektronov iy klesne
na nulu a potom tiez ¢ = 0. Lavinova ionizacia sa teda samostatne neudrzi. Preto tento
typ vyboja nazyvame nesamostatny vvboj alebo tiez Townsendov _vvboj. Town-

sendov viboj je teda predprierazovym stadiom. Pri dostatocne silnych poliach sa zacne

hustota prudu 7 diverguje a stava sa nezavisla od hodnoty ig. Preto prave tiito podmienku
povazujeme za kritérium zapalenia viboja. Hovorime tiez, Ze nesamostatny vyboj precha-
dza na samostatny vvboj. Vtedv totiz kladné iénv dopadajtice na katédu emituju do-

statocny pocet elektronov, ktoré nahradia primarne elektrony od ultrafialového ziarenia.
Preto vyboj sa uz udrzi aj vtedy, ked katdédu prestaneme oZarovat ultrafialovym Ziarenim.
V samostatnom vyboji koncentracia nabitych castic prudko narastie, takze priestorovy
naboj sa zacne uplatnovat. Preto vztah (5.5) uz za tychto podmienok neplati. V niekto-
rych typoch vyboja existuju oblasti, kde je aj nadalej pritomné lavinova ionizacia; treba
ju uz ale opisat rovnicami, ktoré zohladnuji pritomnost priestorového naboja.




Electric discharges

Paschenov zakon

Podmienka (5.6) este nie je priamo pouzitelna na urcenie zapalného napitia. Tato veli-
¢ina je totiz schovana v prvom Townsendovom koeficiente. Preto musime sa teraz zaoberat
problémom zavislosti prvého Townsendovho koeficientu § od intenzity elektrického pola.
Exaktné odvodenie je jedine mozné pomocou kinetickej rovnice, k ¢omu treba ale po-
znat detailnt zavislost prierezov pre pruzné zrazky a pre ionizaciu molekil elektrénmi.
Jednoduchsi pristup vyuziva moznost priameho merania § od intenzity elektrického pola
s vyuzitim rovnice (5.5). Prv nez uvedieme poloempirické vztahy, niajdeme zakony po-
dobnosti pre prvy Townsendov koeficient.

Ak vyjadrime frekvenciu ionizacie o« pomocou (4.16) a driftovia rychlost elektronov
pomocou pohyblivosti V_ = pu_FE, prvy Townsendov koeficient sa da napisat v tvare

a  nglov_)
Vol u-El

0 =
Formalne moézeme vykonat nasledujiice tipravy

;o —_

Vo=p_ E=nyu

kde koeficient n,p_ nezavisi od koncentracie molekul plynu n,




Paschen law

kde koeficient n e nezavisi od koncentracie molekul plynu n, (pozri odsek 3.4.3). Stredna
hodnota (o;v_), ktora urcuje schopnost elektrénov ionizovat molekuly plynu, zavisi od
energie, ktoru elektron n&dobudne tesne pred zrazkou od elektrického pola. Tato energia
je tunerna praci e|E'|(A_), ktort vykona elektrické pole na strednej volnej drahe elektréonu
(A_), co formalne mozeme zapisat (Fy je zatial neurcena funkcia)

IE |
(ov_) = Fy(e|E[(A_)) = Fy | eng(A_
ﬂ,g
Vyrazy ngp_ a eng(A_) nezavisia od koncentracie molekil n, a teda aj od tlaku plynu,
Je zrejmé, ze veliciny V_ a a/n, zavisia od E a n, prostrednictvom pomeru |E'|/n,, takze
! ! g g g7
prvy Townsendov koeficient mozno napisat

) 9 _s (|E|) |
n, n,

kde @ je zatial neurcena funkcia. Pomer |E|/n, je vyznamnou velicinou vo fyzike elek-

trickych viybojov, ktorej rozmer je Vm?. Na pla,ktln:ke meranie je to vsak prilis velka
jednotka. Preto sa zaviedla jednotka Townsend

1 Townsend = 1 Td = 1017 Vem? = 10—2! Vm?

Pomocou pomeru |E|/py mozno vyjadrit § v tvare

o (IEI)
Po Po




Electric discharges o nglow)

5 = =
V_|  |p_FE]

so zatial neznamou funkciou F. Ak si oznac¢ime ako 6. hodnotu prvého Townsendovho
koeficientu, ktory splia podmienku (5.6) (plati §.d = In(1 + 1/7)), mozeme formalne
vyjadrit intenzitu elektrického pola |E.| potrebného na zapalenie vyboja

El_, (6_) o rn (1+%)}

Po Po Pod

kde Fj,, je inverzna funkcia k funkcii F. Z hodnoty elektrického pola potrebného na
zapalenie vyboja uz lahko vypocitame aj zapalné napitie

In (1 + %)
U. = d|E.| = pydFy, 2 (] (5.8)
pod

Z tohoto vysledku mozno formulovat uzaver vo forme zakonitosti:

Paschenov zakon — Zapalné napiitie U, je pre dany plyn funkciou stc¢inu redukovaného
tlaku pg a vzdialenosti elektrod d.




Electric discharges

Na aproximaciu experimentalnych hodnot sa ¢asto pouziva poloempiricky vztah
(5.9)

kde hodnoty konstant mozno najst v tabulke 5.1 pre rozne plyny. Tiez je uvedeny rozsah
hodnét |E|/pg pre ktoré je aproximacia (5.9) pouzitelna. Inverznou funkciou k funkcii

F(x)= Aexp (.____

I,

je funkcia
B

Fi T (: To7 A 7N "
In (Aj T




Electric discharges
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Data for Paschen law
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Paschen law — data gama Pes k)
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Electric discharges

Na aproximaciu experimentalnych hodnot sa ¢asto pouziva poloempiricky vztah
(5.9)

kde hodnoty konstant mozno najst v tabulke 5.1 pre rozne plyny. Tiez je uvedeny rozsah
hodnét |E|/pg pre ktoré je aproximacia (5.9) pouzitelna. Inverznou funkciou k funkcii

F(x)= Aexp (.____

I,

je funkcia
B

Fi T (: To7 A 7N "
In (Aj T




Electric discharges

Tabulka 5.1: Koeficienty A a B pre poloempiricky vztah (5.9) podla [19]. Posledny stipec
oznacuje rozsah hodnot |F|/po, v ktorom mozno aproximiciu pouzit

Plyn A B oblast |E|/po
[em ™ Torr=!] | [Vem ' Torr=!] | [Vem™ Torr—1]
He 3 34 20 — 150
Ne 4 100 100 — 400
Ar 14 180 100 — 600
Kr 17 240 100 — 1000
Xe 350 200 — 300

vzduch 15 365 100 — 800
H- 5 130 150 — 600
N, 12 342 100 — 600

20 466 500 — 1000

13 290 150 — 1000

20 370 200 — 600

Pouzitim tejto funkcie vo vztahu (5.8) dostaneme

[/ — BpOd
“ In(Apod) —In[In(1 + 1/7)




Electric discharges
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| 77 oy S i N r sl a1l 1 11
4 1012 4 5810°2 468w 2 468072 46877

pod [emTorr] Pue 13.2, [loTenunan aaxHraHUA B PasgHUHBIX Tasax B WHPOKOM JHanasoue pd
(xpuBpie [lawena)

Obr. 5.5: Zapalné napiitie U, vyboja v argéne ako funkcia sti¢inu pod pre rozne hodnoty
druhého Townsendovho koeficientu . Medzi zvislymi sipkami sa nachadza oblast hodnot
E/py z tab. 5.1, v ktorej plati vztah (5.9)

Obr. 5.6: Vybojka s boc¢nou drahou B na demonstraciu nestability nizkotlakovej vetvy
Paschenovej krivky




Paschen law curves
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Electric discharges — electron attachment versus ionization
dN ,/dx =(a—a) N,

N, ~exp[(@—a) ],

YKa3pIBAIOT, YTO @ ,4—-0 npHu (E/p);~35 B/(cM-TOp), uTO Kak pas coot-
BETCTBYET (E/p)npe,~26 xB/(cM-arm). Tlpu E/p<<(E/p); pasMHOxKeHue

v,/ Wy, /W, om Ve
wrE

8 P e
&L v /W

4

g2 g

| | ! | 1 107 ff‘//‘/,fﬁ‘ﬁiﬂ-cwflz
405 G762 g4 46487 d, oM f

_ 8 70 =
P uc. 13.5. IlpoGuBaiomke nosis B IJIOCKOM BO3AYILHOM NpOMex

p=1 aTM MO JaHHBIM pa3HBIX aBTOpoB [21]

Pwc. 13.6. HacToThl HOHH3aUMH M IPHAHNAHKS B BO3JiyXe, PaCCUHTaHHLIEe HA OCHOBe
pelieHnsl KHHETHYECKOro ypasHeHusn. llepeceuenve npuw E/p=41 B/(cM Top) [10]

Il

YTKe IJIHHB d npH




Paschen low curves
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Pwuec. 13.7. Hanpa:enue u noje
npoGos BAKYYMHOTO NPOMEXKYTKA

MeXAy_[UAPDOM JHaMeTpoM 2.5 cu
H AMCKOM JHAMETPOM 5 €M M3 CTa-

JIY B 3aBHCUMOCTH OT LJAHHB 0GP0~

mexytka [3]

P uc. 13.8. Hanpsxernus npoboa
KOPOTKEX NPOMeRYTKOB d MeXAY
CTaJIBHEIMH 3JICKTPOZAMH B 3aBH-
CHMOCTH OT AaBJIeHUS 3anoJHAK-
mero HX Bogoposa. Hesasncw-
MOCTB OT p CBHAETENIBCTBYET ©
BAKYYMHOM Xapaktepe nmpobos.
3aruf BHu3 BepXHed KpHBOH Co-
OTBETCTBYET Mepexoly X AesOi.
seTed xpupoi [MameHa [15.3]




RF discharges

Puc. 13.10. Hamepenune
nopors CBY npoGosti: a —
BO3AY X, yacToTa f==9,4TTn,
OKOJI0 KPHBBIX YKa3aHbl
EEQOY3HOHHBIE JAJHHH A;
6 — HECKOJIbKO rasoB, f=
=0,99 ITu, A=0,63 cM;
¢ — Heg-ras (renuii c¢ no-
6aBKOH napoB  PTYTH),
A=0,6 cm [24]

r=7/74

N4




Electric discharges

Table 4.3. Cross sections of photoionization of atoms and molecules from the ground state close to
the threshold

Gas hw=1I1,eV XA o, 107%cm?

H 13.6 912 63
He 246 504 74
Ne 216 5715 40
Ar 15.8 787 35
5.14 2412 (.12
4.34 2860 0.012
3.89 3185 0.22
14.6 852 9
13.6 910 26
12.2 1020 ~1
15.58 798 26
154 805 7




Electric discharges

7.3.2 Ionization Kinetics Equation

When oscillation displacements are small, electron densities obey an equation of
type (2.44):

One /0t = Dhne + (4 — va)ne , D = De (7.6)

(electrons diffuse freely in breakdown). If the condition w > vy,8 (Sect.5.5.2)
holds (it is satisfied for microwave frequencies), the electron energy distribution
is quasisteady and the ionization and attachment frequencies, »; and v,, are de-
termined by the root-mean-square field E. The dependencies 14(E), v4(E) are
much stronger than D.(E), so that D.(E) = const. For simplification, assume
that the field is spatially homogeneous, and hence, 1 and v, are independent
of coordinates. Averaging (7.6) over the volume, we obtain, in accord with the
results of Sect. 4.5, an equation for the mean density, or (which is equivalent)
for the total number of electrons, N, in the discharge volume:

dNe/dt = (14 — va — v)Ne , va=DJA*, (1.7

where vy is the frequency of diffusion losses of electrons. This equation describes
the ionization kinetics of the gas.




Electric discharges — data semi-empirical approach
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P uc. 5.4. Hounsaunonunii xoadduuuent Tayucenna o B Ny M0 padnuiM H3Mepe-
HHAM

I: charge current

o . Townsend ionizationcoefficient

7. . Townsend secondary —electron emission coefficient
d: Distance between electrodes

E/N ...... 1 Townsend =1 Td =101 Vcm?2 = 1021 Vm?

E/p at 293 K (cca 20 C)....... 1V/emTorr=3.034Td, resp. 1 Td=0,3296V/cmTorr



Principal Glow Discharge Mechanism by Biased Parallelplate
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Typical characteristic curve for gas discharges: self-
sustaining or non-self-sustaining

Non-self-sustaining  Self-sustaining

Dark Dischérge [Glbw Dischar-;;pe-}r AIC 1

1000 - | | -

L . ]

800 — [ * -
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ad Gm - I ||
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S 400r Breakdown | I ]
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- A YA l :\;’/K-:

Q L /| | I 1 li ]
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Current (A)

Radiation detection Plasma generation

High-voltage Pulsed Power Engineering, Fall 2018

Voltage-current characteristics of electrical =
discharge in neon at 1 torr, with two planar electrodes
separated by 50 cm.

A random pulses by cosmic radiation

B: saturation current

C: avalanche Townsend discharge

D: self-sustained Townsend discharge

E: unstable region: corona discharge

F: sub-normal glow discharge

G: normal glow discharge

H: abnormal glow discharge

|- unstable region: glow-arc transition

J: electric arc

K: electric arc

A-D region: dark discharge; ionisation occurs,
current below 10 microamps.

F-H region: glow discharge; the plasma emits a
faint glow.

I-K region: arc discharge; large amounts of radiation
produced.



Calculation of avalanche...

Limitation of Townsend theory

1000
Breakdown voltage in air

Avalanche (Townsend) breakdown

gk Transition
X region

0.1 1
pd [bar mm]

The Townsend quasi-homogeneous breakdown mechanism can be applied only for
relatively low pressures and short gaps (pd < 200 Torr - cm).

The spark breakdown at high pd and considerable overvoltage develops much
faster than the time necessary for ions to cross the gap and provide the
secondary emission. = y process fails.

The spark channel is observed to have a zig-zag shape at high pd regime.
The discharge at high pd is independent of electrode material.

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Pulsed breakdown

® Static characteristics : slowly-varying voltage
- Townsend mechanism
® Dynamic characteristics : fast rising pulse

- Overvoltage breakdown & discharge time lag

t, : the time until the static breakdown
voltage is exceeded
t; : the statistical delay time until an
electron able to create an avalanche
occurs
t, (t;) : the avalanche build-up time until
| the critical charge density is reached
N Time (formative time)

o=~ t.c : the time required to establish a

low-resistance arc across the gap

Breakdown delay time = statistical delay time + formative time

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Statistical delay time

® The statistical delay time results from the statistics of electron appearance in the
gap.
® The sources of electrons that initiate the self-breakdown of a gap
» Natural radioactivity and cosmic radiation

v" They produce 0.1 ~ 10 free electrons per cm? per second in a gas at
atmospheric pressure

» Field emission by tunneling E2 ( Wafz)
—D

v" Fowler-Nordheim eq. J = Cqyexp

» Electron detachment from molecules

E

® Total number of electrons appearing in the gap

N(t) = Ny, + Np(t) + Ng(t) _ Field Emission

7 f

Natural occurrence Field emission Electron detachment

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Formative time measurements

® The statistical delay time can be neglected if the gap is intensely irradiated with
the light of an auxiliary spark. Then the measured delay time will be equal to the
formative time.

® |n an early experiment with 30% overvoltage for air gap, Rogowski found that the
formative time was 102 sec, order of the drift time of the electrons in the gap.

® Many experiments confirmed that the formative time depends on the overvoltage
and the intensity of irradiation.

K (per cent)

® Need for new theory - Streamer mechanism

High-voltage Pulsed Power Engineering, Fall 2018




Streamer mechanism

® The streamer concept was proposed by Loeb and Meek for the positive streamer
and, independently by Raether for the negative streamer.

® Basic idea is that at a certain stage in the development of a single avalanche,

photoionization of the gas in the inter-electrode space becomes the most
important mechanism in determining the breakdown of the gap.

Meek & Loeb Raether

+ Anode

AL

— Lathode

— Cathode
(B)

Cathode-directed streamer Anode-directed streamer

High-voltage Pulsed Power Engineering, Fall 2018




Calculation of avalanche...

Positive streamer (cathode-directed streamer)

® |f the gap is short, the transformation occurs only when the avalanche reaches
the anode. Such a streamer that grows from anode to cathode and called the
cathode-directed or positive streamer.

Anode

Cathode

Negative streamer (anode-directed streamer)

® [f the gap and overvoltage are large, the avalanche-to-streamer transformation
can take place far from the anode, and the anode-directed or negative streamer
grows toward both electrodes.

]
bl It

g




Calculation of avalanche...

Typical current-voltage characteristics for electrical
discharge of gases

dark discharge glow discharge arc discharge
| _ townsend regime _

: - >

corona

<«— breakdown voltage

glow-to-arc
transition
<_

saturation abnormal
regime P glow
& >

0
=
o
>
=
)
o
@
o=
o
>

B J| thermal

A J <«+—background ionization ‘ = -
10.10 10-& 106 10-4 o 10.000
Current, |, Amps

High-voltage Pulsed Power Engineering, Fall 2018




Electric discharges

7.2 Breakdown and Triggering of Self-Sustained Discharge
in a Constant Homogeneous Field at Moderately
Large Product of Pressure and Discharge Gap Width

Fig.7.1. V' — ¢ characteristic of non-self-sustaining discharge between
plane electrodes




Electric discharges Townsend avalanche theory




Electric discharges Townsend avalanche theory
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a) b)

Obr. 5.2: Zapalovanie vyboja: a) vybojka na meranie zapalovacieho napiitia: K - katéda,
A - andda, UV - ultrafialové ziarenie zabezpecujiice emisiu primarnych elektrénov, VS -

napojenie na vikuovy systém; b) elektrénova lavina; ¢) oznacenie polohy elektréd

medzi elektrodami (obr. 5.2 ¢). Povrch katddy K sa nachadza v mieste = 0 a povrch
anody A v mieste x = d. Elektrony sa pohybuju smerom k andde a vytvorené kladné iony
ku katode, kde zanikaju. Podobne ako v odseku 4.3.1, moézeme napisat rovnicu kontinuity

pre elektrony v jednorozmernej geometrii a v ustalenom stave

dj_ a

dr - V_ n-V_=oj| (5.2)

kde V_ je driftova rychlost elektronov v elektrickom poli (v homogénnom poli je kon-
Stantna) a 0 = a/V_ je prvy Townsendov koeficient. Analogicka rovnica plati aj pre

kladné iony

dj+ . \
— =an_=20j_. 5.3
dx ar- J- (5.3)




S [ L ownsendov vyboj

Prvy Townsendov koeficient § ma rozmer m—1 a oznacuje pocet ionizacii, ktoré vykona

jeden elektron v smere elektrického pola na jednotkovej drahe (na rozdiel od ionizacénej
frekvencie av udavajicej pocet ionizacii za jednotku casu). Ak rovnice odcitame, dosta-
neme

d(j+ —7-) _
dx

0 = j.—j_ =K = konst.

Potom hustota elektrického pridu medzi elektrodami i = e(j, — j_) = ek je taktiez
konstantna, napriek tomu, ze hustoty toku elektronov a idnov sa menia s polohou .

V' homogénnom poli je Townsendov koeficient 0 konstantny a preto mozeme rovnice
kontinuity lahko integrovat

j— = Cexp(dx); jr = Cexp(dx) +1i/e,

kde C' je integracna konstanta. Hodnota tejto integracnej konstanty sa da urcif z hustoty
toku elektrénov na katdode: C'= j_(0). Potom

j— = j_(0)exp(dx); jo=7_(0)exp(dz) +i/e. (5.4)

Problém urcenia hustoty toku j_(0) spoéiva v tom, Ze okrem primarnych elektrénov
emitovanych z katody ultrafialovim zZiarenim (ich hustotu toku oznacime jg), elektrony
emituju aj dopadajice kladné iony. Tento typ emisie sa nazyva potencialova emisia.




Electric discharges Potencialova emisia

a) b)

Obr. 5.3: Emisia elektrénu pri dopade kladného iénu na povrch kovu: a) ién je daleko od

povrchu: £; - ionizadna energia atému, ® - vvstupna praca kovu a e - Fermiho energia;

b) kladny i6n pri dopade na povrch kovu: 1 - elektrén prechédza na nenhsadentt hladinn

v idne, 2 - emitovany elektréon prebera prebytocna energiu Allger ova enlisia
plynu. Ak vsak vypneme ultrafialové Ziarenie, hustota primarnych elektronov ig klesne
na nulu a potom tiez ¢ = 0. Lavinova ionizacia sa teda samostatne neudrzi. Preto tento

typ viboja nazyvame nesamostatny vvboj alebo tiez Townsendov_vvboj. Town-

sendov viboj je teda predprierazovym stadiom. Pri dostatoc¢ne silnych poliach sa zacne

!

lovej emisie opustaju povrch elektréony s hustotou toku ~j, . Koeficient v reprezentuje
vytazok elektronov pri emisii, ktory sa ¢asto (nelogicky) nazyva koeficient sekundarnej
emisie. V teorii zapalovania vyboja sa zvykne nazyvat druhy Townsendov koeficient

(v starsej literature aj treti Townsendov koeficient). Obvykle nadobtuda hodnoty 0,1 —
10—2 (pre i6ény velkych organickych molekul az 10—19).




Breakdown condition: Paschen’s law

When the electric field in the interelectrode space E is sufficiently high to create the multiplication of the
electrons and ions, the avalanche appears. If this multiplication creates a sufficient number of electrons and
ions, it will lead to the electrical breakdown. However, if the processes of free charge species losses are
emphasized, the avalanche multiplication can cease. Due to the statistical nature of both creation and loss of
free species, breakdown may not occur even if applied voltage Uw is higher than the breakdown voltage Ub.

The breakdown condition for the gases at low pressures can
be obtained using Townsend’s theory, including the fact that
influence of the space charge can be neglected in the early
stage of the breakdown. Space charge is needed for the
determination of the regime that will be established after the
breakdown.
I, exp(ad)
No

| — vlexplad) — 1] *

pd (mbar cm)

Figure 1. Breakdown voltage U}, in three gases as a function of
pd values (Paschen curves).

ad = In ( | + —)

It also means that the current can be sustained if the external source of
radiation is absent (N, = 0), 1.e. it is self-sustaining discharge. In other
words, equation (5) represents a condition for breakdown initiation.

B Bpd
~ In(Apd) — In[In(1 + 1/y)]

) ( - )
¥ = ADEXD | —
@= AP\ T

U b




Electric discharges
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Electric discharges

v, Volts

pdicm- Tore/

1° 70 02 0°
Fig. 7.2. Breakdown potentials in various gases over a wide range of pd values (Paschen curves) on 200

the basis of data given in [7.1,2] ) D4 48 10 ?f{s' P, pd;‘cm Torr]
Fig.7.3. Paschen curves on an enlarged scale [7.3]

Bpd
~In(Apd) — In[In(1 + 1/y)]

Uy, =



Paschen law curves
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Electric discharges

Breakdown Fields in Moderately Large Gaps
in Air and Other Electronegative Gases at Atmospheric Pressure
Limiting Values of pd for the Townsend Breakdown Mechanism

Fig. 7.4. Breakdown fields in a plane
gap of length d in air at p = laim.
From [7.1]

v/ Nicm>/s]

07" -

I

v, /N

ESNT0%

I |

Volts crm
] 1

vl

77

2

Fig.7.5. lonization and attachment frequencies in air, calcu-
lated using the solution of the kinetic equation. Intersection
at E/p=41V/cm-Torr




Electric discharges

Table 7.1. Approximate values of breakdown threshold at high pressure

Gas Constant field, gap width less Microwaves,
than several cm, p ~ 1 atm p ~ 100-300 Torr

E/p E/p E/p
kV/(cm-atm) V/(cm-Torr) V/(cm-Torr)

10 13 3
1.4 1.9 3-5
27 36 5-10
20 26 10-15
35 46 ~ 25
- 30 40 35
i 32 42 ~ 30
H 100
CCLE; 76 100
CSFg 150 200
CCly 180 230
SF 89 117

* Freon



Paschen low curves
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Pwuec. 13.7. Hanpa:enue u noje

npoGos BAKYYMHOTO NPOMEXKYTKA

MEXAY M

H JHCKOM AHAMETPOM 5 M H3 CTa-

JI B 3aBHCHMOCTH OT LAHHB TPO-
MexyTtka [3]

P uc. 13.8. Hanpsxernus npoboa
KOPOTKEX NPOMeRYTKOB d MeXAY
CTaJIBHEIMH 3JICKTPOZAMH B 3aBH-
CHMOCTH OT AaBJIeHUS 3anoJHAK-
mero HX Bogoposa. Hesasncw-
MOCTB OT p CBHAETENIBCTBYET ©
BAKYYMHOM Xapaktepe nmpobos.
3aruf BHu3 BepXHed KpHBOH Co-
OTBETCTBYET Mepexoly X AesOi.
seTed xpupoi [MameHa [15.3]




Electric discharges

Breakdown in Microwave Fields and Interpretation
erimental Data Using the Elementary Theory

£, Volts/cm— o —

i I\I 1 1 1 II il L 1 Il 1
769 I/ 0?

AL Ty T T T

=70 GHz

| | piTorr/ |
L —_ P ERETS N T S
10° v’ 1% 07
l"ig..'{.s. Measured thresholds of microwave breakdown [7.6] (a) air, f = 9.4 GHz, diffusion length g e
A is indicated for each curve; (b) Heg gas (He with an admixture of Hg vapar), A = 0.6 cm :&* ,'1':"'
e

- I

plTorr]
?'52 L ool o Ll A aal L

07? 107" 1° 107 d

Fig.7.10. Thresholds of microwave breakdown: (a) Ar, (1) f = 28GHz, A = 0.15cm; (2) f =
0.99GHz, A = 0.63cm; (b) Xe, f = 2.8GHz, A = 0.10cm. Solid curves, results of calculations
[7.71; dashed curves and crosses give experimenial data [7.5]

for the total number of electrons, N, in the discharge volume:
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where vy is the frequency of diffusion losses of electrons. This equation describes
the ionization kinetics of the gas.
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Electric discharges

Influence of diffusion length

7.3.2 Ionization Kinetics Equation

When oscillation displacements are small, electron densities obey an equation of
type (2.44):

One/Ot = Dine + (i — va)ne , D = Do (7.6)

(electrons diffuse freely in breakdown). If the condition w > vnd (Sect.5.5.2)
holds (it is satisfied for microwave frequencies), the electron energy distribution
is quasisteady and the ionization and attachment frequencies, 14 and v,, are de-
termined by the root-mean-square field E. The dependencies 15(E), v,(F) are
much stronger than D.(E), so that D.(E) ~ const. For simplification, assume
that the field is spatially homogeneous, and hence, 1; and 1, are independent
of coordinates. Averaging (7.6) over the volume, we obtain, in accord with the
results of Sect. 4.5, an equation for the mean density, or (which is equivalent)
for the total number of electrons, N, in the discharge volume:

dN./dt = (15 ~ va — va)Ne , va=DJA*, .7

where vy is the frequency of diffusion losses of electrons. This equation describes
the ionization kinetics of the gas.
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Assume that the external field is switched on in a time small in comparison
with the characteristic time of multiplication and remains constant during the
avalanche buildup. This constraint covers not only stationary, but also pulsed

fields with not too short pulses and sufficiently small rise time. Under this as-
sumption, 14(t), v4(t) = const after the moment ¢ = 0 at which the field is switched

on, and (7.7) has an exponential solution typical of an avalanche process:

Ne = Neoexp[(1i — va — 1g)]l = N exp (t/9) (7.8)

where @ is the avalanche time constant, and N is the number of seed electrons
that start the avalanche.! Breakdown is impeded in experiments with short pulses,
since the probability of an electron appearing in the region of the field at the
necessary moment is quite low and the avalanche has to be initiated by injecting
a small number of electrons. For this purpose, a weak radioactive source is used.

According to (7.8), an avalanche develops if 14 — vy —vg > 0; this condition is
met if the field exceeds a threshold F; determined by the steady-state breakdown
criterion:

u(Ey) = vy + va(Ey) . (7.9)

As an example, consider breakdown in helium, for p = 1 Torr, A = 3 cm, diffusion
length A = 1cm, D = 2-10% cm?/s, time of diffusion to the walls v; ' ~ 5-10~7s,
diffusion frequency v4 =~ 2-10%s~!, and no attachment. The avalanche develops
if 4 > vg~ 2108571, We will show a little later that the ionization frequency
v < E? under the most favorable conditions for multiplication (zero electron
energy losses). If losses, especially inelastic, are nonzero, the y; vs. E curve
is much steeper. Hence, if the field increases by 10% in comparison with F,
then @1 = 15 — 1y > 0204 ~ 4 - 10°s~!. The number of electrons is doubled
every ©/1n 2 < 1.7 us, which is a very high rate. In many cases, it is sufficient
for a reliable realization of breakdown. As a result, stationary criterion (7.9)
determines with good accuracy [like criterion (7.1)] the breakdown threshold of
gases for “not too short” pulses.



Electric discharges
1.5 Optical Breakdown

The discovery of the optical breakdown effect, in 1963 [7.8], became possible
only after the development of ()-switched lasers that produce light pulses of
tremendous power, called “giant pulses”. When the light of such a (ruby) laser
was passed through a focusing lens, a spark flashed in the air, in the focal region,
as in the electrical breakdown of a discharge gap. The discovery was a complete
surprise for physicists and produced a sensation at the time, though the element
of surprise has worn off by now. Gas breakdown at optical frequencies requires
a tremendous field strength, 10°~107 V/cm, in the light wave; this was unthink-
able before the advent of the laser. Furthermore, the necessary light intensity,
about 10° MW/cm?, could only be reached by focusing the light of not just an
ordinary laser, but one operating in th giant pulse regime. The new effect caused
unparalleled interest among physicists. In a short time, it was experimentally and
theoretically investigated to such a degree [7.7], that by now we know at least
as much about it as about its closest analogue, the microwave field breakdown.

Fig. 7.11. Measured threshold fields for the
breakdown of Ar and He by ruby laser ra-
diation; pulse length 30 ns, diameter of focal
spot 2-10~2cm [7.9]
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Fig.7.13. Breakdown thresholds of in-
ert gases in the radiation of a2 C(Q; laser
{7.7]. The black dots represent data for
helium of a higher purity

7.5.3 Breakdown Thresholds of Atmospheric Air

These data are very important. Quite a few physical experiments employ high-
intensity laser beams, Electrical breakdown of air on the beam path to the target
is an obstacle for light propagation because of absorption in the plasma. For
example, in such experiments with high-power beams as target irradiation for
fusion experiments one has to send the beam to the target through vacuum. The
threshold intensity for the giant pulse of a ruby laser and an ordinary focal spot
diameter of 10-2cm is S, & 10! W/cm?, and the field is Ey ~ 6 - lé V/cm.,
The breakdown threshold of nonfiltered air by focused CO; laser radiation is
roughtly 2 - 10° W/cm?, and that of dust-free air is not lower than 10'° W/cm®.
The tiniest dust particles floating in the air greatly facilitate the breakdown by
CO, laser radiation, while their effect is negligible for the neodymium and, in
particular, ruby lasers. This difference appears because the short-wave radiation

of solidstate lasers “supplies itself” with the seed electrons required for starting
an avalanche. The long-wave radiation of CO, lasers cannot do this in a pure

gas.
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7.7 Breakdown in RF and Low-Frequency Ranges
"1,
H I

Fig. 7.18. Excitation of rf discharges: (a) inductively coupled through a solenoid coil; (b) voltage
applied to electrodes in contact with plasma; (c) electrodes insulated from plasma (electrodeless,

capacitively coupled rf discharge)
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Fig.7.20. Ignition potentials of ccrf discharge for various oscillation wavelengths [7.15]
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Fig. 7.19. Tgnition potential of capacitively coupled if discharge in neon (V{), f = 158 MHz; 4 is
the distance between the planar electrodes (which are covered by glass). Dashed curves show the
Juming yoltage of 2 steadv discharge, Vi [7.15]




PLASMAS - THE 4th STATE OF MATTER

Plasmas consist of freely moving charged particles, i.e., electrons and ions. Formed at high tempera-
tures when electrons are stripped from neutral atoms, plasmas are common in nature. For instance,
stars are predominantly plasma. Plasmas are a "Fourth State of Matter” because of their unique physi-
cal properties, distinct from solids, liquids and gases. Plasma densities and temperatures vary widely.
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Types of plasmas (electron density)

+ Stars (density n < 107 cm-3)

» Solar winds (density n < 107 cm-)

» Coronas (density n < 107 cm-3)

» lonosphere (density n < 107 cm-?)

» Glow discharge (density n = 108 ~ 1014 cm-3)
« Arcs (density n = 108 ~ 1014 cm-?)

» High-pressure arc (density n ~ 1020 cm-3)

» Shock tubes (density n ~ 102° cm-3)

« Fusion reactors (density n ~ 10%° cm-3)

1 Townsend = 1 Td = 1077 Vem? = 1072 Vm?.

1 V/em Torr = 3,034 Td; vresp. 1 Td=0.3296 V/cm Torr .




Electrical discharge regime

® Dark discharge

- A-B During the background ionization stage of the process the eleciric field applied along the axis of the discharge
tube sweeps out the ions and electrons created by ionization from background radiation. Background radiation from cosmic
rays, radicactive minerals, or other sources, produces a constant and measurable degree of ionization in air at atmospheric
pressure. The ions and electrons migrate to the electrodes in the applied electric field producing a weak electric current.
Increasing voltage sweeps out an increasing fraction of these ions and electrons.

- B-C If the voltage between the electrodes is increased far enough, eventually all the available electrons and ions are
swept away, and the current saturates. In the saturation region, the current remain constant while the voltage is increased.
This current depends linearly on the radiation source strength, a regime useful in some radiation counters.

- C-D If the voltage across the low pressure discharge tube is increased beyond point C, the current will rise
exponentially. The electric field is now high enough so the electrons initially present in the gas can acquire enough energy
before reaching the anode to ionize a neutral atom. As the electric field becomes even stronger, the secondary electron may
also ionize another neutral atom leading to an avalanche of electron and ion production. The region of exponentially
increasing current is called the Townsend discharge.

- D-E Corona discharges occur in Townsend dark discharges in regions of high electric field near sharp points, edges, or
wires In gases prior to electrical breakdown. If the coronal currents are high enough, corona discharges can be technically
“glow discharges’, wisible to the eye. For low currents, the entire corona is dark, as appropriate for the dark discharges.
Related phenomena include the silent electrical discharge, an inaudible form of filamentary discharge, and the brush
discharge, a luminous discharge in a non-uniform electric field where many corona discharges are active at the same time
and form streamers through the gas.

Breakdown

- E Electrical breakdown occurs in Townsend regime with the addition of secondary electrons emitted from the
cathode due to ion or photon impact. At the breakdown, or sparlang potential V;, the current might increase by a factor of
10* to 105, and is usually limited only by the internal resistance of the power supply connected between the plates. If the
internal resistance of the power supply is very high, the discharge tube cannot draw enough current to break down the gas,
and the tube will remain in the corona regime with small corona points or brush discharges being evident on the electrodes.
If the internal resistance of the power supply is relatively low; then the gas will break down at the voltage Vg, and move into
the normal glow discharge regime. The breakdown voltage for a particular gas and electrode material depends on the
product of the pressure and the distance between the electrodes, pd, as expressed in Paschen’s law (188g).

Glow discharge

- F-G After a discontinuous transition from E to F, the gas enters the normal glow region, in which the voltage is almost
independent of the current over several orders of magnitude in the discharge current. The electrode current density is
independent of the total current in this regime. This means that the plasma is in contact with only a small part of the
cathode surface at low currents. As the current is increased from F to G, the fraction of the cathode occupied by the plasma
increases, until plasma covers the entire cathode surface at point G.

- G-H In the abnormal glow regime above point G, the voltage increases significantly with the increasing total current
in order to force the cathode current density above its natural value and provide the desired current. Starting at point G and
moving to the left, a form of hysteresis is observed in the voltage-current characteristic. The discharge maintains itself at
considerably lower currents and current densities than at point F and only then makes a transition back to Townsend regime.

® Arc discharge

- H-K At point H, the electrodes become sufficiently hot that the cathode emits electrons thermionically. If the DC
power supply has a sufficiently low internal resistance, the discharge will undergo a glow-to-arc transition, H-I. The arc
regime, from I through K is one where the discharge voltage decreases as the current increases, until large currents are

point |, and after that the voltage increases slowly as the current increases.




