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Doporučená literatura:

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

Natural lightning is now considered 

an electric spark, not an arc.

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




Jean Picard (1620-1682)
Astronom
Zodpovědný za první 
přesné měření poloměru 
Země

Jean Picard si všiml, že prázdný prostor v jeho rtuťovém barometru zářil, jak 
se rtuť chvěla, když nesl barometr. Francis Hauksbee poprvé předvedl
plynovou výbojku v roce 1705. Ukázal, že evakuovaná nebo částečně
evakuovaná skleněná koule, do které umístil malé množství rtuti, nabíjená
statickou elektřinou, může produkovat světlo dostatečně jasné, aby se dalo 
číst.

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



Geisslerovy trubice

Heinrich Geisler (1814-1879)

Dvě elektrody v trubici s plynem (neon, argon, krypron, 
xenon, vodík, CO2)  o nízkém tlaku, doutnavý výboj



Neonové výbojky

Komerčně produkoval Georges Claude od roku 1910

0.4 – 3 kPa, doutnavý výboj (hlavně pozitivní sloupec)

Oranžová barva (neon)

Další barvy s využitím jiných plynů (vodík – červená, 
helium – žlutá, CO2 – bílá, rtuť – modrá) a luminoforů



Neon glow lamp (doutnavka)

Tlak řádově stovky Pa
Dvě elektrody blízko 
sebe, doutnavý výboj

Zkoušečka

Vypínače, indikátory, 
ochrana proti přepětí, 
stabilizátory napětí atd.





Rtuťová výbojka (za atmosférického tlaku)

Wavelength (nm)
Name 

(see photoresist)
Color

184.45 ultraviolet (UVC)

253.7 ultraviolet (UVC)

365.4 I-line ultraviolet (UVA)

404.7 H-line violet

435.8 G-line blue

546.1 green

578.2 yellow-orange

650 red

Výbojem v argonu se začne vypařovat rtuť a tlak vzroste na 2 –
18 atmosfér -> výboj v parách rtuti, tato nástupní fáze trvá 
několik minut během nichž lampa svítí čím dál tím více. 
Luminofor kolem výbojky se používá, aby bylo záření příjemnější 
pro oči).

Přítomnost silného ultrafialového záření se využívala k 
desinfekci.

Dnes se většinou k osvětlení nepoužívají (příliš mnoho rtuti)

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


Obloukový výboj v parách 
rtuti

Komerční vývoj zářivek byl 
inicializován výzkumy 
Arthura Comptona (Nobel 
prize 1927) ve třicátých 
letech.



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.

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.



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.



Zářivky (Low pressure fluorescent lamp)

Zapojení startéru a 
tlumivky k zářivkové
trubici.
a - vstup, b - tlumivka, c -
kompenzační
kondenzátor, d - startér, 
e - bimetalová elektroda, 
f - odrušovací
kondenzátor

Obloukový výboj ve směsi vzácného/ných plynů 
(argon, xenon, neon, krypton) a rtuti. Celkový tlak 
~ 300 Pa, parciální tlak rtuti ~ 0.8 Pa

Vyzařuje převážně na 185 a 
254 nm (UV), proto musí být 
luminofor. 



Zářivky (Low pressure fluorescent lamp)



CRI – color rendering index (100 sun 
black body radiation)





Plazmové zobrazovače

Spektralni charakteristiky typicky používaných 
luminoforů



Plazmové zobrazovače

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

Lepší kontrast než LCD, velmi dobrá reprodukce barev

Velmi široký úhel, ze kterého je možné se na televizi dívat

Vysoká obnovovací frekvence a odezva

Relativně velká spotřeba elektřiny

„Vypalování obrazu“ – přehřátí luminoforu

Dnes už komerčně nahrazeny LCD a OLED  

Větší hmotnost než LCD obrazovky



Raizer, Y.P. (1991) Gas Discharge Physics. 

Springer-Verlag, New York. 





surfatron



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

http://en.wikipedia.org/wiki/Electric_glow_discharge

Glow discharges

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


Glow discharges



Electric discharges V-A characteristic

Direct current (DC) glow discharge V=V0 - RI

Doporučená literatura:
Reactive plasmas
Andre Ricard 

V0

RI

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

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 "Über die zum 

Funkenübergang in Luft, Wasserstoff und 

Kohlensäure bei verschiedenen Drücken 

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)

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 "Über die zum 

Funkenübergang in Luft, Wasserstoff und 

Kohlensäure bei verschiedenen Drücken 

erforderliche Potentialdifferenz".[1]

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.[2][3] It is 

named after Friedrich Paschen who discovered it empirically in 1889.

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


p  0.1 – 10 mbar ; U  150 – 2000 V

Glow discharges 



ionization

Electron emission from the cathode:

- field (auto) emission

- thermal emission

- due to bombarding ions 

secondary electron emission coef.   0.1

ionization

A simple glow discharge theory I. – the positive column



Self sustained discharge: the number of ions created in an 

avalanche can produce one new electron on the cathode  

A simple glow discharge theory II. – the negative glow



2. Positive column lasers
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Gas lasers

He-Ne laser

Silver ion laser 

1. Negative glow lasers –

hollow cathode lasers



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 Iran 

Budapest

1963

Energy

Hélium Neon

He+

21S

23S

3s

2s

2p
1s

Collisional
Energy transfer

Excitation by 
electron collisions
(plasma)

Laser transitions

Pumping mechanism – how to make 

population inversion ?

The He-Ne laser



 

Copper gaskets Alumina tube Elektrical feedthrough 

Internal mirror 

A

A

C

C

+ 20 m silver

Segmented hollow-cathode silver ion laser 



Paschen’s curves



RF diode discharge For technological applications –

surface treatments



Microwave discharge

Microwave discharge → surfaguige discharge

Vlnovod ….waveguide



Surfatron discharge



surfatron

Transmission electron microscopy (TEM)



Surfatron



Two Sputtering Systems

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-3)

• Coronas (density n < 107 cm-3)

• Ionosphere (density n < 107 cm-3)

• Glow discharge (density n = 108 ~ 1014 cm-3)

• Arcs (density n = 108 ~ 1014 cm-3)

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

• Shock tubes (density n ~ 1020 cm-3)

• Fusion reactors (density n ~ 1020 cm-3)

The townsend (symbol Td) is a physical unit of the reduced electric field (ratio E/N), 

Where E is electric field and N  is concentration of neutral particles. 

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


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

Types of plasmas (electron density)

• Stars (density n < 107 cm-3)

• Solar winds (density n < 107 cm-3)

• Coronas (density n < 107 cm-3)

• Ionosphere (density n < 107 cm-3)

• Glow discharge (density n = 108 ~ 1014 cm-3)

• Arcs (density n = 108 ~ 1014 cm-3)

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

• Shock tubes (density n ~ 1020 cm-3)

• Fusion reactors (density n ~ 1020 cm-3)



Principal Glow Discharge Mechanism by Biased Parallelplate  



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.



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 VB, 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 VB, 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.



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 I 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.



Principal Glow Discharge Mechanism by 

Biased Parallelplate  

1. A stray electron near the cathode carrying an initial current io is accelerated toward

the anode by the applied electric field (E).

2. 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+.

3. Two electrons are generated and are accelerated and bombard two additional

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

4. Meanwhile, the electric field drives ions in the opposite direction.

5. Ions collide with the cathode, ejecting, among other particles, secondary electrons.

6. Secondary electrons also undergo charge multiplication. (step 2)

7. The effect snowballs until a sufficiently large avalanch current ultimately causes

the gas to breakdown.

http://webhost.ua.ac.be/plasma/pages/glow-discharge.html







Electron avalanche





Calculation of avalanche…







E/N …… 1 Townsend = 1 Td = 10-17 Vcm2 = 10-21 Vm2

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

j~f(d)

j~j0exp(ax)

E/N 

j~f(d,E/N)



Electric discharges

Ionization in case of Maxwell distribution

Breakdown cannot be simply explained by ionization 



Ionization frequency and ionization coefficient

N will be double within 1.4ms ➔ if n0=1 ➔ at T=1eV equilibrium will be reached within 75ms

Experiments are giving time many times shorter 

Breakdown cannot be simply explained by ionization 







Experimental data

electrodesbetweenDistanced

tcoefficienemissionelectronsecondaryTownsend

tcoefficienionizationTownsend

currentchargei
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Measurements of a and similarity laws

d

U

p

dU/dt is not considered E/p

E/p

a/p

a/p

E/p



Data for Paschen law

a/p

a/p

a/p

E/p

E/p

E/p



Electric discharges

a/p

a/p

E/p
E/p



Interpolation formula

See next slide

See next slide



Electric discharges

See next slide



Electric discharges semi-empirical approach



Electric discharges other processes involved in breakdown of a discharge 

Comparable values

lower threshold energies ➔ higher probability at given Te



Electric discharges other processes involved in breakdown of a discharge 

Comparable values

lower threshold energies ➔ higher probability at given Te



photoionization



Hornbeck Molnar  ionization



Penning ionization



Processes going again ionization

?



Electric discharges



Electric discharges –
Electron attachment

E/p

E/p



Ionization contra electron attachment

Breakdown condition



Electric discharges - cathode



Paschen law – data gama

V důsledku emise opouští povrch katody elektrony s hustotou toku j+



Electric discharges



Electric discharges Townsend avalanche theory



Electric discharges Townsend avalanche theory



Electric discharges



Electric discharges Potenciálová emisia   



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.

The breakdown condition

It also means that the current can be sustained if the external source of 

radiation is absent (N0 = 0), i.e. it is self-sustaining discharge. In other 

words, equation (5) represents a condition for breakdown initiation.



Electric discharges



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Electric discharges



Paschen law curves

Ar



Electric discharges



Electric discharges



Breakdown 



Electric discharges

Influence of diffusion length



RF discharges

Influence of diffusion length



Electric discharges

Influence of diffusion length



Electric discharges



Electric discharges



Electric discharges



Electric discharges



Calculation of avalanche…





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

Regions in the DC Glow Discharge Tube
Resistance is missing !!!!!



Electric discharges V-A characteristic

Direct current (DC) glow discharge

V=V0 - RI

Doporučená literatura:
Reactive plasmas
Andre Ricard 

ZFP PGS 2006 lecture 4



Glow discharge…



Glow discharge…



Arc discharge…





Corona discharge…



Glow discharges



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

Light intensity

Potential V

Field E

Current

Charge density

Charge density (total)

Potentials along the Tube



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

Regions in the Glow Discharge Tube II



Potentials along the Tube



)(
1 −+ −= NNq

dx

dE



E
dx

dV
−=

−+ − NN

0

0



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Definition of breakdown voltage and time delay

Electrical breakdown in gases does not take place instantly upon applying a voltage Ub to the electrodes 

of gas-filled tube, but after a corresponding delay known as electrical breakdown time delay td that is 

mutually dependent on Ub. Due to the statistical nature of processes which initiate breakdown, Ub and td are 

mutually dependent stochastic variables with certain distributions. The distribution function of td defines the 

probability of electrical breakdown in any time interval.

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

Due to the fluctuation of the parameters α and γ 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.

td is 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 td is the time interval between the moment of Uw (Uw > Us) application on the 

tube and the moment when the tube current exhibits a detectable discharge.

The td consists of the statistical time delay (ts) and formative time (tf ), i.e. td = ts + tf



Breakdown voltage as a function of rate

Rate   k=V/s

UB

Ub is the measured breakdown voltage and k is the rate of the increase of the applied voltage

UB



Breakdown voltage as a function of rate

The td consists of the statistical time delay (ts) and formative time (tf ), i.e. td = ts + tf

Extrapolation of the Ub = f (k) dependence to the intersect with Ub-axis (for k = 0) gives the 

estimation of Us.

US

UB

US
0

estimated US value was ≈390V

k



Breakdown voltage as a function of rate

US

UW

t

td

Statistical character of td

DU

DU/US

td
t

Statistical character of td

US

Afterglow length



Breakdown voltage as a function of rate

Statistical character of td

US

UW

t

td

DU

DU/US

td
t



Influence of different experimental parameters on time delay

Pressure (diffusion…) Electrode material

Illumination Number of breakdowns

Discharge current



Breakdown dependence on history





Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



Electrodeless Reactors

Inductive 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



2 Torr of He/Ar/H2

AISA

VT - AISA



Microwave discharge

Microwave discharge → surfaguige discharge



IR-CRDS 

Laser absorption spectroscopy

2
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Stationary afterglow + Spectroscopic identification of recombining ions

CRDS

He/Ar/H2
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surfatron



Surfatron discharge



surfatron



surfatron



Surfatron ZFP PGS 2005 lecture 4



Surfatron

Surfatron plasma source working at frequency 2.45 GHz

for technological applications
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http://fusedweb.pppl.gov/CPEP/Translations.html

Types of plasmas (electron density)

• Stars (density n < 107 cm-3)

• Solar winds (density n < 107 cm-3)

• Coronas (density n < 107 cm-3)

• Ionosphere (density n < 107 cm-3)

• Glow discharge (density n = 108 ~ 1014 cm-3)

• Arcs (density n = 108 ~ 1014 cm-3)

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

• Shock tubes (density n ~ 1020 cm-3)

• Fusion reactors (density n ~ 1020 cm-3)



Paschen law – data gama

V důsledku emise opouští povrch katody elektrony s hustotou toku j+



Calculation of avalanche…



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

Regions in the DC Glow Discharge Tube



Formation and destruction of H3
+(v=0) 

in He/Ar/H2 microwave discharge
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Recombination of H3
+(v=0) 

in He/Ar/H2 Stationary afterglow
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Decay of H3
+(v=0)   …. iteration
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Spectroscopy of discharge in He/Ar/H2 Pumping He/Ar/H
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Formation of para-H3+ and ortho-H3+
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Calculation of avalanche…



Calculation of avalanche…



DC glow discharges

• Electron multiplication

• Emission of secondary electron from a 

cathode



Paschen’s law 1

When 1 – γ(eαd – 1) = 0,

the breakdown occurs.

and Vb = Ed,



http://science-education.pppl.gov/SummerInst/SGershman/Structure_of_Glow_Discharge.pdf



Current–voltage (i –V ) characteristics of direct current (dc) electrical discharge

http://www.spectroscopynow.com/Spy/pdfs/jwfeed/sample_0471606995.pdf

Vb is the breakdown voltage, 

Vn is the normal operating voltage, and 

Vd is the operating voltage of arc discharge.



Characteristics of DC glow discharge 1

• The dark regions are called the cathode or Crooke’s dark space, 

the 

Faraday dark space, and the anode dark space.

• The luminous regions are called the cathode glow, the negative 

glow, 

and the positive column.





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



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

http://en.wikipedia.org/wiki/Electric_glow_discharge

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


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 N2
+

ions by free electrons.

http://www.physicstoday.org/pt/vol-54/iss-11/captions/p41cap3.html http://www.emitech.co.uk/sputter-coating-brief3.htm

Sprite and Glow Discharge Tube
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Electric discharges - data

E/N …… 1 Townsend = 1 Td = 10-17 Vcm2 = 10-21 Vm2

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



Electric discharges Townsend avalanche theory



Electric discharges



Electric discharges Potenciálová emisia   



Electric discharges



Electric discharges



Electric discharges

E/p



Paschen law   



Electric discharges



Electric discharges



Electric discharges



Data for Paschen law



Paschen law – data gama

V důsledku emise opouští povrch katody elektrony s hustotou toku j+



Electric discharges



Electric discharges



Electric discharges



Paschen law curves



Electric discharges – electron attachment versus ionization



Paschen low curves



RF discharges



Electric discharges



Electric discharges



Electric discharges – data semi-empirical approach

E/N …… 1 Townsend = 1 Td = 10-17 Vcm2 = 10-21 Vm2

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

Breakdown cannot be simply explained by ionization 



POZOR ROZDIEL

E/N …… 1 Townsend = 1 Td = 10-17 Vcm2 = 10-21 Vm2

E/p at 293 K (cca 20 C).…… 1V/cmTorr=3.034Td, resp.     1 Td = 0,3296V/cmTorr 
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Principal Glow Discharge Mechanism by Biased Parallelplate  
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Electric discharges



Electric discharges Townsend avalanche theory



Electric discharges Townsend avalanche theory



Electric discharges



Electric discharges Potenciálová emisia   



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.

The breakdown condition

It also means that the current can be sustained if the external source of 

radiation is absent (N0 = 0), i.e. it is self-sustaining discharge. In other 

words, equation (5) represents a condition for breakdown initiation.



Electric discharges



Electric discharges



Paschen law curves

Ar



Electric discharges



Electric discharges



Paschen low curves



Electric discharges

Influence of diffusion length



RF discharges

Influence of diffusion length



Electric discharges

Influence of diffusion length



Electric discharges



Electric discharges



Electric discharges



Electric discharges



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



Types of plasmas (electron density)

• Stars (density n < 107 cm-3)

• Solar winds (density n < 107 cm-3)

• Coronas (density n < 107 cm-3)

• Ionosphere (density n < 107 cm-3)

• Glow discharge (density n = 108 ~ 1014 cm-3)

• Arcs (density n = 108 ~ 1014 cm-3)

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

• Shock tubes (density n ~ 1020 cm-3)

• Fusion reactors (density n ~ 1020 cm-3)




