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The voltage of Nicola Tesla's man-made lightning can be calculated from altitude and gap



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
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Electric discharges V-A characteristic

Direct current (DC) glow discharge

V=V0 - RI

Doporučená literatura:
Reactive plasmas
Andre Ricard 



Glow discharges



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



An electron avalanche The negative glow in the lab



2. Positive column lasers
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Gas lasers

He-Ne laser

Silver ion laser 

1. Negative glow lasers –

hollow cathode lasers



Laser – general considerations
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- Stimulated emission (Einstein 1917)

- Population inversion Boltzmann distribution

◆ Selective pumping of the upper level is needed

◆ Spectroscopical studies – 1930

◆ Encyclodedia of Physics 1956:                                                                                   

“… stimulated emission in gas discharges

is negligible …”

- First laser: ruby (Maiman, 1960), first gas-laser: He-Ne (Javan, 1961)

- Laser = Active region + Optical resonator



The He-Ne laser

Ali Javan

1960

Budapest

1963
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electron collisions
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Laser transitions

Pumping mechanism – how to make 

population inversion ?



Silver ion laser 

Pumping mechanism

charge transfer reaction: He+ + Ag                  He + Ag+*s(v),k(T)

k  5  10-10 cm3s-1

Pumping rate of the laser:

R = k [ He+ ] [ Ag ]

300200VUV UV

224 nm

He+

Ne+318 nm



Hollow-cathode lasers

Optical resonator:

Threshold condition:
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Conventional hollow-cathode discharges:

typically

3 - 5 mm 

10 - 20 mbar

0.1 - 1  Acm-1

[He+]  5  1014 cm-3

slotted   Schubel cylindrical flute



Segmented hollow-cathode silver ion laser 

 

Copper gaskets Alumina tube Elektrical feedthrough 

Internal mirror 

A

A

C

C

+ 20 m silver



Electric discharges

Introduction to Electric Discharges FP III/P5 C- 2005

Doporučená literatura:

Electric discharges– Paschen law, time dependencies 
Breakdown voltage

Úvod do fyziky plazmatu

ČSAV, Academia Praha 1984

Francis F. Chen

J. Phys. D: Appl. Phys. 35 (2002) R91–R103

TOPICAL REVIEW

Electrical breakdown in low pressure gases

M M Pejovic, G S Ristic, and J P Karamarkovic

Šimpanz poráží vysokoškoláky

Reactive plasmas 

Andre Ricard



RF diode discharge For technological applications –

surface treatments



Microwave discharge

Microwave discharge → surfaguige discharge



Surfatron discharge



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)



Principal Glow Discharge Mechanism by Biased Parallelplate  



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



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



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(x)

E/N 

j~f(d,E/N)



Řešení B. rozklad do dvou rovnic  ◼ Velký Kracík

◼ Rovnice (A) a (B)
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Zákony zachování – řešení B.   
◼ A

Rovnice A

Rovnice B



Zákony zachování – řešení B.   
◼ A

N

E
parameter





Drift and diffusion 
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Drift iontů   
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Drift iontů   CO+ v N2

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

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 



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 
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Breakdown cannot be simply explained by ionization 



Measurements of  and similarity laws

d

U

ppp

dU/dt is not considered



Data for Paschen law



Electric discharges



Electric discharges



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



Electric discharges – Hornbeck Molnar  ionization



Electric discharges - Penning ionization



Electric discharges – processes going again 
ionization



Electric discharges



Electric discharges –
Electron attachment



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



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…



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
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Breakdown voltage as a function of rate

Statistical character of d

US
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Influence of different experimental parameters on time delay

Pressure (diffusion…) Electrode material

Illumination Number of breakdowns

Discharge current



Breakdown dependence on history



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



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



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

Regions in the Glow Discharge Tube II



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
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Formation and destruction of H3
+(v=0) 

in He/Ar/H2 microwave discharge

TEST TUBE

PULSE REGIME

Laser – Single-mode tuneable diode laser, 

 = 1470 ± 10nm;  P ~ 3 mW

Mirrors – R = 99.994%,
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Recombination of H3
+(v=0) 

in He/Ar/H2 Stationary afterglow

TEST TUBE

PULSE REGIME
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CRDS 2003 Yesterday’s results
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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
2
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Formation of para-H3+ and ortho-H3+
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Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…



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



Calculation of avalanche…



Calculation of avalanche…



Calculation of avalanche…


