
Yuri P. Raizer 

Gas Discharge Physics 

With 209 Figures 

Springer-Verlag 
Berlin Heidelberg New York London Paris 
Tokyo Hong Kong Barcelona Budapest 

Energetiq Ex. 2007, page 1 - IPR2015-01377f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


Professor Dr. Yuri P. Raizer 
The Institute for Problems in Mechanics, USSR Academy of Sciences, 
Vernadsky Street 101, SU-117526 Moscow, USSR 

Editor: 
Dr. John E. Allen 
Department of Engineering Science, University of Oxford, Parks Road,
Oxford OX13PJ, United Kingdom 

Translator: 
Dr. Vitaly I. Kisin 
24 Varga Street, Apt. 9, SU-117133 Moscow, USSR 

This edition is based on the original Russian edition: Fizika gazovogo razryada 
© Nauka, Moscow 1987 

ISBN 3-540-19462-2 Springer-Verlag Berlin Heidelberg New York 
ISBN 0-387-19462-2 Springer-Verlag New York Berlin Heidelberg 

Library of Congress Cataloging-in-Publication Data. Raizer, Y. P. (Yuri Petrovich) [Fizika gazovogo razryada. 
English] Gas discharge physics I Yuri P. Raizer. p. em. Abridged translation of: Fizika gazovogo razryada. Inclu
des bibliographical references and index. ISBN 3-540-19462-2.- ISBN 0-387-19462-2 (U.S.) 1. Electric discharges 
through gases. I. Title. QC71l.R22713 1991 537.5'3-dc20 91-14976 

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is concerned, 
specifically the rights of translation, reprinting, reuse of illustrations, recitation, broadcasting, reproduction on 
microfilms or in other ways, and storage in data banks. Duplication of this publication or parts thereof is only per
mitted under the provisions of the German Copyright Law of September 9, 1965, in its current version, and a copy
right fee must always be paid. Violations fall under the prosecution act of the German Copyright Law. 

©Springer-Verlag Berlin Heidelberg 1991 
Printed in Germany 

The use of registered names, trademarks, etc. in this publication does not imply, even in the absence of a specific 
statement, that such names are exempt from the relevant protective laws and regulations and therefore free for 
general use. 

Typesetting: Springer T EX inhouse system 

57/3140-543210- Printed on acid-free paper 

Energetiq Ex. 2007, page 2 - IPR2015-01377f 

 

Find authenticated court documents without watermarks at docketalarm.com. 

https://www.docketalarm.com/


(2.50) 

(2.51) 

osed of the hydrodynamic flux of 
coefficient.3 The terms containing 
:/2 «: kTe, are neglected; accord
ISSes in collisions with molecules 
, 17). The last term in (2.50) de-
is the resultant creation rate that 

the ionization potential. 
that the equation for the rate of 
s is 

(2.52) 
'le 

;t to time, as in (2.49). 
1g the effects caused by spatial 
contribution of heat conduction. 

::m and passing thermal energy to 
uison with the term proportional 

~ve in (2.22, 50-52) in the form 
singled out of Fe. Ignoring the 
Lecount that f.i+ «: f.le, we obtain 

(2.53) 

l is, to the same accuracy, 

(2.54) 

red in Sect. 9.7. 

;ion (2.51) for F and >.e stem from the 
llian distribution functions and ~~rn(e:) = 

F and >.e, ~' are set equal to 2; the 

3. Interaction of Electrons in an Ionized Gas 
with Oscillating Electric Field 
and Electromagnetic Waves 

3.1 The Motion of Electrons in Oscillating Fields 

Both the equations of electrodynamics and the equations of motion of electrons 
are linear with respect to the fields E, H and the velocity v of the electron. For 
this reason, the superposition principle holds. Any periodical field can be resolved 
into harmonic components, so that it is sufficient to consider only the sinusoidal 
field, all the more so because one normally deals with monochromatic fields and 
waves. In the case of nonrelativistic motion, the magnetic force of the wave, 
e(v / c)H, is much less than the electric force eE. Furthermore, the amplitude of 
electron oscillations in discharge processes is usually small in comparison with 
wavelength ,\. We assume, therefore, that the electron is in a spatially uniform 
electric field E = Eo sin wt, Eo = const. 

3.1.1 Free Oscillations 

Assume that an electron moves without collisions, an assumption that is meaning
ful if the electron performs a large number of oscillations in the interval between 
collisions, w ::;p vm. We integrate the equation of collisionless motion, 

miJ = -eEosinwt, r = v, 

to give 

eEo 
v = -- cos wt + vo , 

mw 
eEo . 

r = --2 smwt+vot+ro. 
mw 

(3.1) 

An electron oscillates at the frequency of the field; these oscillations are 
superimposed onto an arbitrary translation velocity v 0 • The displacement and 
oscillation velocities are 

eEo eEo 
a=-- , u = - . (3.2) 

mw2 mw 

The displacement is in phase with the field, while the velocity is out of phase by 
1r /2. The limiting case of "collisionless" oscillations is approximately realized 
at optical frequencies, and also at microwave frequencies at low pressures, p ::::; 
10Torr. 

3.1.2 Effect of Collisions 

Collisions "throw off" the phase, thereby disturbing the purely harmonic course 
of the electron's oscillations. A sharp change in the direction of motion after 
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scattering stops the electron from achieving the full range of displacement (3.2) 
that the applied force can produce; the electron starts oscillating anew after each 
collision, with a new phase and new angle relative to the instantaneous direction 
of velocity. In order to take this factor into account, we add the rate of loss of 
momentum due to collisions to the equation of motion of the "mean" electron. 
As in the case of constant fields (Sect. 2.1.1), we have the equation for the mean 
velocity: 

mv = -eEosinwt- mvvm, r = v. 

The solution of (3.3), valid after several collisions, is 

eEo 
v = J cos(wt+r.p), 

m w2 +v~ 

eEo . ( ) 
T = Sill wt + r.p . 

mwJw2 +v~ 

Vm 
r.p = arctan- , 

w 

(3.3) 

(3.4) 

The amplitudes of displacement and velocity of the electron are less by a 
factor of )1 + v~/w2 than those for free oscillations. The higher the effective 
collision frequency vm, the smaller they are (vm is determined by the velocity of 
random motion, which is much greater in discharges than the oscillation velocity; 
see Sect. 3.2). The displacement is shifted in phase relative to the field, the phase 
shift increasing from 0 to 1r /2 as the relative role of collisons vm/w increases 
from 0 to oo. 

The oscillation displacement and velocity (3.4) can always be resolved into 
two components, one proportional to the magnitude of the field E =Eo sinwt, 
and the other to its rate of change, E = wEo coswt: 

eEo . Vm eEo 
T = Sill wt + - cos wt , 

m(w2 + v~) w m(w2 + v~) 
weEo vmeEo . 

v = ( 2 2 ) cos wt - ( 2 2 ) Sill wt . 
m w +vm m w +vm 

(3.5) 

The ratio of the components is determined by the relative role of collisions 
and is unambiguously related to the phase shift r.p. This form of presenting the 
solution adds visual clarity to the results of the subsequent sections. 

Expressions (3.4, 5) show that the role of collisions is characterized by the 
ratio of the effective frequency vm and the circular frequency of the field w = 21r j, 
which is greater than the frequency f by nearly an order of magnitude.1 In 
the limit v~ -«:: w2 , formulas (3.4,5) are close to (3.1) for free oscillations. 
To illustrate numerical values, consider an example of microwave radiation at 
frequency f = 3GHz; >. = lOcm, w = 1.9 x 1010 s-1 . Let p::::::! 1 Torr, then 
vm::::::! 3 x 109 s-1 -«:: w; Eo= 500 V fern, roughly corresponding to the threshold 

1 When the degree of spatial uniformity of the field is evaluated, the displacement amplitude must 
be compared not with wavelength A= cf /,but with A= A/27r: a/ A= eE0 jmw2 A= ufc. 
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of microwave breakdown at such pressures. Formulas (3.2) show that a = 2.5 x 
w-3 em, u = 4.7 X 107 cmjs. We find that a~ )i = 1.6cm, that is, the field in 
the electromagnetic wave is "uniform". 

3.1.3 Drift Oscillations 

In the limit of very frequent collisions or relatively low frequencies, v~ ~ w2
, 

the oscillation velocity drops to 

eEo . eE(t) 
v ~ --- smwt = --- = -f.leE(t) = Vd(t). (3.6) 

mvm mvm 

At each moment of time, the oscillation velocity coincides with the drift velocity 
that corresponds to the field vector at this moment. For brevity, we refer to such 
oscillations in the mobility regime as drift oscillations. 

An electron behaves as it would in a constant field, responding to relatively 
slow changes of the field. Its displacement, 

r ~ Acoswt, 
A_ eEo _ f.leEo 

- mvmw - --;:;:;T ' (3.7) 

has an amplitude A less than that of free oscillations in the same field by a factor 
of vm/w ~ 1. 

The oscillations of electrons in rf fields (and of course, at lower frequencies) 
are of drift type. For example, the collision frequency at f ~ 10 MHz, vm ~ 
3 x 109 ps-I, exceeds w,....., 108 s-1 even at fairly low pressures of p,....., 0.03 Torr. 
In order to maintain a low-pressure, weakly ionized plasma by an rf field, one 
usually needs the values of Eo j p of the same .order as E / p in a constant field. 
Therefore, at f ~ 10MHz and Eo/p ~ 10V /(em· Torr), we have A,....., 0.1 em 
regardless of pressure. 

3.2 Electron Energy 

3.2.1 Collisionless Motion 

If collisions do not occur, the field does no work, on the average, on an electron; 
indeed, (3.1) implies that 

(-eE · v) =- eE~ (sinwtcoswt)- eEo · vo(sinwt) = 0, 
mw 

where angle brackets denote time averaging. 
The electric field pumps up the motion of the electron only once, when it is 

switched on; then the electron's energy mv2 /2 pulsates but remains unchanged 
on the average. The time averaged energy {mv2 /2) is made up of the energy 
of translational motion mv~/2, corresponding to the mean velocity v 0 = {v(t)), 
and that of oscillations. In the case of free oscillations, the latter energy is 
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