
The Mechanism Of The 
Electric Spark



OXFORD UNIVERSITY PRESS

A
A
A ❖
V
V
V

STANFORD UNIVERSITY PRESS 
Stanford University, California

LONDON: HUMPHREY MILFORD

By

LEONARD B. LOEB
Professor of Physics 

University of California at Berkeley

and

JOHN M. MEEK 
Commonwealth Fund Fellow 

University of California at Berkeley

Research Engineer with Metropolitan Vicars Company 
Manchester, England

The Mechanism Of The 
Electric Spark



53 7. 53

-

COPYRIGHT I94I BY THE BOARD OF TRUSTEES 
OF THE LELAND STANFORD JUNIOR UNIVERSITY

PRINTED AND BOUND IN THE UNITED STATES 
OF AMERICA BY STANFORD UNIVERSITY PRESS

LONDON: HUMPHREY MILFORD
OXFORD UNIVERSITY PRESS

THE BAKER AND TAYLOR COMPANY 
55 FIFTH AVENUE, NEW YORK

THE MARUZEN COMPANY 
TOKYO, OSAKA, KYOTO, SENDAI

STANFORD UNIVERSITY PRESS 
STANFORD UNIVERSITY, CALIFORNIA



1

To

Professor J. S. Townsend

Whose pioneer researches and theory

laid the whole foundation for the study

of the mechanism of the electrical

spark discharge, this book is appre­

ciatively dedicated





1

Acknowledgments
In view of the joint authorship of this book a word must be 
said as to the division of responsibility in this work. Both 
authors have worked over the manuscript in its final form and 
are in complete accord with the material presented. To this 
extent the book is a joint contribution. However, the senior 
author originally evolved the picture of the streamer mecha­
nism of the corona and spark discharge nearly simultaneously 
with and quite independently of H. Raether, who proceeded on 
the basis of observations of a different set of phenomena. The 
missing applicable, basic quantitative criterion was supplied 
to the qualitative theory of the senior author by the junior 
author. To the senior author fell the task of the co-ordination 
of this criterion with the fundamental processes operative in 
the gas. Thus the first chapter on the Townsend discharge and 
the majority of the analyses of the second chapter are the work 
of the senior author. The extension of the quantitative mech­
anism to the avalanche retrograde streamer mechanism for 
longer sparks and the correlation of this with the junior author’s 
criterion is largely the work of the senior author. The original 
picture of the stepped-leader stroke in lightning discharge as 
being caused by ion recombination in the pilot streamer chan­
nel was the work of the junior author. The reinterpretation of 
this theory of the stepped leader in terms of the avalanche retro­
grade streamer mechanism is the work of the senior author. 
The calculation for the breakdown potentials in various types 
of gaps and the quantitative application of the theory to various 
problems is almost exclusively the work of the junior author. 
Thus chapter iii is to be ascribed to the junior author except 
for the underlying procedure and discussion in the analysis of 
the breakdown of the space-charge distorted gap at infinite time, 
which was outlined and interpreted by the senior author.

vii



viii THE MECHANISM OF THE ELECTRIC SPARK

Berkeley, California 
June 15, 1940

Leonard B. Loeb

John M. Meek

In the study of the breakdown of a gap with space-charge 
distortion, both authors wish to acknowledge their indebtedness 
to Dr. Wm. R. Haseltine, whose assistance in the application 
of Varney’s space-charge equation was invaluable. They also 
wish to express their thanks to Dr. Haseltine for his exceedingly 
able analysis and criticism of other features of the book on 
which his opinion was sought. The thanks of the authors are 
also due to Professor Norris E. Bradbury, who reviewed the 
book for publication, and to Professors Robert N. Varney and 
Robert E. Holzer, who kindly read the book in manuscript. 
Finally, both authors wish to acknowledge their gratitude to 
the Commonwealth Fund for a Fellowship granted to the junior 
author which made possible the close association of the authors 
for two years, resulting in the evolution of the present theory 
and the ■writing of the book.



Preface
Although the electric spark has been known to mankind in 
its various manifestations from time immemorial, its mech­
anism has to date been little understood. The initial clarifica­
tion of the mechanisms involved is due to J. S. Townsend as a 
result of his brilliant researches in the early nineteen hundreds. 
On the basis of his theory of ionization by collision by electrons 
and positive ions, the fundamental mechanisms active and espe­
cially the coefficients required in their application were made 
available to experimental study. The resulting investigations, 
owing to the facilities existing in those years, were confined to 
lower potentials limiting both gap lengths and pressures which 
could be used. The equation which Townsend derived for the 
ion currents as affected by the first and second coefficients led 
to a criterion for the development of indefinitely large values 
of the currents. The achievements of such currents Townsend 
interpreted as setting the criterion for a spark. As has subse­
quently been pointed out, this criterion is nearly identical with 
the condition of stability for a self-sustaining discharge. If that 
condition is altered in the proper fashion, one has a threshold 
for the transitions to other discharge conditions. Consequently, 
though itself erroneously deduced, the Townsend criterion as 
applied to the low-pressure data at hand was established within 
the limits of experimental uncertainty.

The initial success of this theory led at once to its being car­
ried over to the occurrence of sparks at higher pressures and 
longer gap lengths. As time went on, it became increasingly 
clear that the theory was seriously inadequate. The discovery, 
about 1927, that the formative time lag of sparking at atmos­
pheric pressure was about %oo that to be expected on Town­
send’s theory led to various attempts to overcome this difficulty. 
Meanwhile the great advance in the interpretation of atomic
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Chapter I

THE TOWNSEND THEORY OF THE SPARK

1. Definition of a Spark

-

In view of what has been said in the Preface concerning 
the development of spark-discharge study, one may on the basis 
of the Townsend concepts define a spark as follows:

The spark is an unstable, irreversible, and transient phenom­
enon sometimes marking the transition from one more or less 
stable condition of current between electrodes in a gas to an­
other more stable one under imposed conditions. This extends 
the concept of a spark somewhat beyond the noisy and brilliant 
phenomenon usually associated with the word. However, it 
enables one to include a large number of obviously similar 
occurrences. It does not imply that all transitions of stable 
current states to other more stable ones, as imposed conditions 
change, are accomplished by a spark. Thus, for example, a 
spark may mark the transition from a glow discharge to an 
arc, although the change can under some conditions be made 
to occur reversibly without spark by the heating of the cathode. 
In general, the passage from a dark photoelectrically main­
tained current in a gap to a glow or an arc will be accomplished 
by a spark. The same may be said of the transition of a corona 
discharge to an arc or a glow. It is also permissible to refer, 
as a spark, to the appearance of a discharge of instantaneous 
character across a gap which discharges the capacities involved 
even when external circuit conditions preclude the continuation 
of the newly achieved stable state. In some of these cases the 
transition may be relatively noiseless and the only manifesta­
tion may be the abrupt change of a current. Where, however, the 
current increases in some reversible fashion with the applied

1



2 THE MECHANISM OF THE ELECTRIC SPARK

2. The Townsend Sparking Criterion and Its Modifications

* For this and subsequent citations, see end of chapter.

depend on measured values 
for f(X/p) in different

1

potential, one can hardly speak of a spark. On this basis it is 
probably likely that the onset of a corona discharge is not, prop­
erly speaking, a spark. By eliminating, through adequate ioni­
zation, chance occurrences which make it seem abrupt, the 
corona onset can be made to develop quite smoothly and revers­
ibly as potential is altered.

It will not be necessary here to derive the famous equation 
of Townsend for the current i in a gap between electrodes as a 
function of the photoelectric current iQ from the cathode, the gap 
length x and the coefficients a and (3. For this information the 
reader can go to any standard text on discharge through gases.1* 
The equation reads:

° a — fie{a-p}x
In this equation the first Townsend coefficient a represents the 
number of new electrons created in the gas by an initial electron 
in its advance of 1 centimeter along the field axis from the 
cathode.2 The second Townsend coefficient, /3, in Townsend’s 
original theory was the number of new electrons created by a 
single positive ion in its advance of 1 centimeter along the field 
axis from the anode.1

The quantity a has been extensively studied in various gases. 
It varies with the ratio of field strength to pressure, X/p, where 
X is in volts per centimeter and p is in millimeters of Hg. The 
relation a/p = f(X/p) follows an analytically complicated, 
somewhat S-shaped curve.3 The general procedure in the theo­
retical evaluation of f(X/p) is known;4 but no one has to date 
had the patience to undertake the elaborate and tiresome cal­
culations for any one gas. Thus we 
entirely. Most experimental curves
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gases are correct in order of magnitude only. They are not 
accurate, owing to the failure to eliminate different impurities 
present in small traces.5 For example, 10-3 millimeter of Hg 
at 1 millimeter pressure of N2 changes a by 17 per cent at high 
X/p. The data are particularly bad in He, Ne, and A because 
of the action of metastable states. Inasmuch as we shall use air 
in our future discussions, the values of Sanders for a/p for Hg- 
contaminated air will be given in Table III and shown plotted in 
Figure 25 (p. 110). These are the only values at low enough 
X/p for use in calculations to follow. In the region of impor­
tance to the problems to be considered it is doubtful if the values 
of a are too high by much more than 5 per cent.

The quantity fl has been evaluated, albeit rather inaccu­
rately, from the variation of i with x at various higher values 
of X/p, by many observers in different gases. Inasmuch as it 
has now been conclusively shown that with values of X/p ex­
isting under sparking conditions positive ions cannot possibly 
ionize by collision with gas molecules in sufficient amount to 
give the observed values of /3, more must be said.1’6 It has fur­
ther been shown that there are numerous mechanisms other than 
impact ionization in the gas by positive ions which can liberate 
the secondary electrons needed in discharge. It also happens 
that the general type of equation which Townsend deduced for 
positive-ion ionization is applicable to the mechanisms now 
known to be active at the cathode.7 The change in the Townsend 
equation to conform to active mechanisms is in most cases a 
minor one involving primarily a reinterpretation of the mean­
ing of the constants. The quantitative differences are largely 
within limits of experimental accuracy.

There is one difference, however, and that is that the alterna­
tive mechanisms make the second Townsend coefficient depend­
ent on cathode material. At high X/p this corresponds to 
observation.8 This dependence, however, is not marked in 
sparks at higher pressures and is entirely absent in some dis­
charges such as the positive point corona discharge. These are
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phenomena depending on the properties of the gas entirely. It 
is for this reason that there has been a disinclination to give up 
the Townsend mechanism of impact ionizations by positive ions 
in the gas. The discovery of measurable photoelectric ionization 
in the gas has now made it possible to explain such cases.9 The 
exact way in which photo-ionization in the gas could operate 
to cause a spark was, however, not clear until the development 
of the present streamer theory.

Aside from this aspect of the problem, it can be stated that 
for the low-pressure sparks the experimentally observed values 
for i as a function of gap length can be equally well represented 
within the present limits of experimental accuracy by any one 
of a number of relations depending on different cathode phe­
nomena.10 Two of these equations are given below, together 
with Townsend’s original equation for comparison.

° a — ^e(a-p)l

e“ 
l_y(e-_i)

aeax 
a — v0g[e(a^)x—fl]

Equation 2 is one for the liberation of secondary electrons 
at the cathode by positive-ion bombardment. In this equation 
y is the chance that a positive ion will liberate an electron from 
the cathode on impact. Equation 3 is the equation for libera­
tion of electrons by photoelectric action at the cathode: 3 is the 
number of photons created per centimeter path of advance of 
an initial electron in the field direction, whose frequency is 
such that they can liberate an electron from the cathode; g is a 
geometrical factor, of value about 0.5, which depends on the 
fraction of photons in the gap that can reach the cathode; rj is 
the fraction of the photons reaching the cathode that succeed in 
actually liberating electrons from the cathode so that they do
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(la)

(2a)i — io

(3a)

,a3 .aS

9
I

i = io — a
aeax

— fieax 
eax

X—yeax
HI ae 

i = ---------
a — TjOge™

In these equations it is seen that a//3= 1/y = a/rjffg. It is 
further seen that when at x = 8,

a//3 = ea5, l/y = ea5, and a/r)0g = ea5 (4)

the denominator in each of the equations (1), (2), and (3) 
becomes 0. Under these conditions the current i becomes in­
definitely large irrespective of the externally imposed photo­
current from the outside. This condition Townsend initially 
set as the criterion for a spark, and the gap length 8 at which 
sparking occurs was supposed to be set by these equations.11 
For the sake of simplicity in what follows we will leave the 
exact mechanism active in causing the second Townsend coeffi­
cient unspecified, except to note that it cannot be due to ioniza­
tion of the gas by positive ions. In conformity with this decision 
we will follow modern practice and designate the second coeffi­
cient by the symbol y instead of /?/a or rjOg/a. Thus the Town­
send criterion for a spark will be set as l/y = ead and stated 
as such in what follows. This will not be seriously wrong, for 
it will appear that in most low-pressure cases y is largely due 
to impact of positive ions at the cathode.

We must now digress to point out that in reality the use of 
Townsend’s equation for i as a function of 8 in spark discharge 

, is not justified.12 In the first place, if we are to be precise, it 
makes the sparking potential a function of iQ in a sense which

not diffuse back; /z is the absorption coefficient of the photons 
in the gas. If, as is indicated by observed values, we set and 
/z as small compared to a and 1 as small compared to e**, we 
can write
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carefully tries to
I

is not in accord with experiment. When one 
analyze the role of i0 in producing a spark under these condi­
tions one at once arrives at mathematical or physical indeter- 
minacies. The reason for this is that equations of the form 1 to 
3 are derived for steady state processes that are completely 
reversible. They cannot thus be applied to a spark.

It fortunately happens that the condition of Equation 4, 
l/y = ea5 is capable of an entirely different interpretation.13 
Now y is the chance that a positive ion will liberate a new elec­
tron from the cathode, and the number of positive ions pro­
duced by an initial electron is equal to ea5. Thus the condition, 
yea5=l, means that the supply of secondary electrons from 
the cathode is just enough to maintain the avalanches of ea0 
electrons produced by one electron in going 8. That is, for each 
initial electron which crosses this gap, y is such that the posi­
tive ions created by it generate a new electron at the cathode. 
This means that the existing discharge conditions in the gap are 
self-sustaining. Such a criterion has actually been applied with 
some success to the solution of the steady-state glow discharge.13

If now yea5 1, then the current initiated by one electron 
will cease unless electrons are artificially created at the cathode 
by external agents. That is, below yea5— 1, Townsend’s Equa­
tion la, 2a, or 3a for i applies. When yea5 > 1, then it is clear 
that more positive ions will be created than are needed to main­
tain a discharge. If these excess ions can be dissipated by lateral 
diffusion to the walls or by other processes nothing will happen. 
If they accumulate faster than such losses can accommodate, 
positive space charges will build up in the gap. If the space­
charge accumulations can produce field arrangements which 
will lead to a larger current for the same potential by a new 
form of discharge, then the old self-sustaining discharge will 
irreversibly and suddenly revert to the new form of discharge 
via a spark. That rearrangements of space-charge distribution 
even with ionization only by electrons can lead to such a con­
dition has been mathematically demonstrated. Now the quan-
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(5)

which
s, (X8\

p5/ Vps)log (6)

(7)

___pPfWpia

3. The Test of Townsend’s Theory at Low p8
Experiment has shown that for various surfaces y is some 

function </>(JV/p) of X/p, albeit at times a complicated one. 
Likewise a = pKX/p) is also some function of X/p. Hence 
the Townsend criterion as interpreted above sets

1
</>(*/p)

as the criterion for a spark. Thus we have
log l/^>(X/p) — p8f(X/p)

can also he written
1

,/X8\
\p8 /

For a uniform gap in the absence of space-charge distortions 
such as is used in all these studies, X8 = Vs the sparking po­
tential. If the gap is distorted, so that X is a function of dis­
tance x in the gap V8 = jj5 Xdx, we are justified in writing in 
place of X8/p8 for the uniform field gap

p8 p8 p8

tity y is a probability. Thus it can happen that sometimes by 
fortuitous circumstances, when yea5=l, or possibly less, a 
spark might occur. Vice versa, above yea5=l an unfortunate 
chance sequence of ionizing events would break off such a dis­
charge (see Sec. 5, p. 20).

On the average, however, the condition for a stable self-sus­
taining discharge is given by yead=X. In consequence, this 
relation sets the threshold for the transition called a spark. With 
this new interpretation of the equation wrongly derived from 
Equations la, 2a, and 3a, we will then considex* the success of 
the Townsend criterion, yea5=l, in predicting sparking phe­
nomena.
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Under these conditions the sparking threshold is given by 
1

\pd /
p8, 

It is seen that the solution of this equation makes Ka = F(p8). 
This is known as Paschen’s law and was discovered experimen­
tally in 1889.

The law has been justified theoretically14 on more general 
dimensional grounds and has been established within experi­
mental accuracy over the low-pressure range. It also appears 
to hold at higher values of p8 within experimental accuracy, 
which is not high. A careful study of the origin and nature of 
the law indicates that it will hold for any sparking mechanism 
in which the threshold depends on the total number of ions or 
electrons formed in the gap. Its physical significance, then, is 
merely that the materialization of a spark is conditioned on the 
presence of enough molecules in the gap length to insure the 
production of adequate electrons or ions to achieve the threshold 
value.

In the event that the mechanism of the spark depends on the 
concentration of ions rather than on the total number produced, 
it appears that Paschen’s law will not be obeyed. This was first 
discovered by Varney15 in a study of space-charged induced 
sparks in a uniform gap with high ultraviolet induced-current 
densities at the cathode. As will later be seen it is also found 
to be true in the newly proposed theory of sparking. The extent 
of the departure from Paschen’s law is in both cases small 
where it has been calculated. It lies within the limits of error 
of existing experimental data.

From the condition yeo0=l, one can evaluate the sparking 
potential for any gap of a given length 8 at any given pressure p. 
Exact solutions must be carried out by successive approxima­
tions from curves for a = p/(Z/p) and y=(£(X/p). This 
task is less formidable than it seems, as the values of y are not 
very critical, owing to their slow variation with X/p and the
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rapid variation of a/p in all but the higher regions of X/p. 
Thus, an approximate value of y being chosen, the value of a 
needed is found. This gives a more accurate value of X/p and 
thus allows one to pick a fairly good value of y. Again solving 
for a then yields a sufficiently good value of X3 and hence of Va. 
Owing to the relative unimportance of small changes in y one 
can calculate V8 over whole regions of values of p8 where an 
approximation to an analytical form for a/p as a f(x/P) is 
at hand.10

Even die early rather crude values of the Townsend coeffi­
cients sufficed to indicate that, in the regions where these were 
measured, values of V8 in satisfactory agreement with obser­
vations were obtained. The later refinements of the observa­
tions of these coefficients confirm this agreement.17 This is 
shown in die curve of Figure 1 for H2 from data of Hale and 
Ehrenkrantz. Exact agreement cannot be expected owing to the 
changes of the values of y for surfaces with time, the presence 
of uncontrollable traces of gaseous impurities affecting y, 
effects of previous sparking on the value of y, and the uncer­
tainties in the measurements of Va. Finally, no practically 
achieved cathode has a uniform value of y over its surface. 
Sparks will take place at the lowest values of y present, while 
measurements of y for the cathode as a whole give average 
values. Thus in the region where y can be measured, agreement 
with the sparking criterion is satisfactory but never perfect.

Attempts have been made to carry these computations up 
to higher values of p8. Now assuming the equation valid, it is 
possible to estimate values of a y from one or two sparking po­
tentials at high p8.18 Using these and an analytical form of 
a/p from experiment, it is then possible to calculate the full 
sparking potential-p8 curves in satisfactory agreement with 
observation. All that this procedure does is to show that an 
equation of the approximate form used employing empirical 
constants evaluated from experiment suffices to reproduce ob­
served values. Such calculations, which can in some cases be
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carried over even to non-nniform fields, are, however, no test 
of the theory and especially of its assumed underlying mech­
anism. For, as seems to be the uncanny characteristic of this 
field of study, the condition yea5 = 1 has a form analogous to 
the dominating terms in the sparking mechanism based on 
streamer formation. Thus by fitting an arbitrary constant y, 
which we know today cannot have any relation to the quantity 
y as defined on page 4 to the observed sparking potential, we 
obtain a set of values of y which, used in the equation under 
various conditions, will always give back nearly the correct 
value of the sparking potential.

The reason for the fact that the correct theory and one which 
does not apply equally well yield the same curves lies entirely 
in the dominance of the term and the fact that a varies 
nearly exponentially with X/p. Hence false terms in the rest 
of the equation due to almost any theory are compensated for 
by minor changes in X8 or Vs. This will later be seen to be true.
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Thus extrapolation of the Townsend threshold condition for 
a spark beyond regions of X/p and p8 where the second coeffi­
cient can directly be observed is meaningless and, worse than 
that, illusory. For it happens that in most sparks at p8 200 
in air there is no action at the cathode and y has no physical 
meaning.

In what precedes it has been shown that Townsend’s theory 
predicts the proper values of V8 and other laws observed to 
hold at lozv p8. There is thus little doubt of its validity in this 
region. In one direction of study, however, the theory has not 
been analyzed. This is as to the way in which the space charge 
accumulates and the time taken for the discharge to materialize 
on this basis.

4. Time Lags in Sparking and Further Tests 
of Townsend’s Theory

So far we have merely indicated that, if yea5 1, then space 
charges of positive ions may accumulate that will eventually 
lead to a more stable current arrangement, at low p8, usually a 
glow discharge. We have, however, not said anything about 
how this can occur. One thing at the outset is clear. For the 
consequences of yea5 1 to manifest themselves the positive 
ions produced largely near the anode by the initial electron in 
its passage must have time to cross to the cathode. If yea5»l 
the space-charge distortion will arise relatively rapidly after 
very few passages of electrons and successive waves of positive 
ions. If yea6 = 1, the number of such passages may have to be 
very high to give an adequate space-charge distortion. Now the 
time of crossing of the positive ions is of the order of 100 times 
that of the electrons. For ordinary gaps the time of crossing of 
positive ions does not fall very much below 10"5 second. Thus 
the time for a discharge to build up must on Townsend’s theory 
exceed about 10"5 second for the usual gaps used. The time 
required for the spark to develop once it has begun is termed 
the formative time lag in contrast to the statistical time lags



* Statistical time lags are those caused by the chance occurrences necessary to 
initiate a spark, such as the appearance of an initiating electron in the gap, or the 
sequence of chance events which make the development of a spark channel pos­
sible. The formative time lag is the actual time between the occurrence of that 
initiatory happening leading to a spark and the completion of the sparking process. 
Schade’s work confined itself largely to a study of formative lags.

12 THE MECHANISM OF THE ELECTRIC SPARK
experimentally first observed.28* This formative time lag in 
excess of 10’5 second must also be longer the more nearly 
7^=1.

Now the time lags of sparks were not studied before 1925, 
as inadequate facilities were at hand for their study. However, 
by 1927-1928 many different19 types of measurement revealed 
that for sparks about atmospheric pressure the formative time 
lags were nearer 10-< second than 10'° second. The study of 
time lags for the low-pressure spark in the breaking of a glow 
discharge was not undertaken until 1936. The only work on 
this question so far was published by Schade in 1937.“° This 
study has revealed that in fact the formative time lags at low 
p8 extend from about 10-5 second upward and confirm the 
Townsend theory. Inasmuch as this investigation reveals a 
great deal more about the mechanism of spark breakdown at 
low pressures, it is of importance that it be discussed at this 
point.

Schade confines his investigations to the growth of the cur­
rent i, as given in an extension of Equation 2, with time. He 
assumes uniform fields in the gap and ignores changes of y 
and especially a due to space charges. As in general he works 
near the threshold of sparking, yea8—l, he considers that the 
major portion of the formative time lag occurs in building up 
the current i to a value ie, at which space charges causing re­
arrangement can occur. The results obtained appear to bear 
out the validity of this assumption.

In his development of the theory Schade does not define the 
value which his current must reach before space charges can 
cause the appearance of the spark. He says, however, that it 
does not appear until currents of the order of 10"5 ampere or
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(9)

(a) 
W 
(0 
W

more are reached. In practical application Schade sets ic as 
equal to the glow discharge current after the spark has occurred. 
His predicted values of the lag from theory using this criterion 
are in rough agreement with observation. This can mean only 
that, once i reaches such values that space charges change the 
value of a, the subsequent increase in i and the materialization 
of the spark occurs in times short compared to the building up 
the current to that value. There are no exact data as to how 
the space charge builds up. Theoretical equations have been 
developed for atmospheric pressures by Schumann, Rogowski, 
Franck21 and von Hippel, Kapzov, and also by Varney. The 
effect is cumulative and in a sense autocatalytic in its action. 
As shown by Varney, it is much dependent on the rate at which 
a/p increases with X/p, being more rapid the higher the rate 
of increase of a/p with X/p. The time element has been con­
sidered by Franck and von Hippel,22 assuming the positive ions 
virtually immobile.

Returning to the theoretical considerations of Schade, we see 
that he confines his investigation entirely to the growth of the 
current i in time. To achieve this analysis one must first define 
certain terms. These are

i0 = inducing photoelectric current at the cathode pro­
duced by external ultraviolet illumination of the 
cathode.

i(z) = the total electron current from the cathode at a time (tf). 
ia (z) = the electron current at the anode at a time t.
i+(t} = the + ion current at the cathode at a time t. 

ia+(t) — the + ion current at the anode at a time t.
t{ — the time for -p ions to go from anode to cathode.

With these definitions the following relations obviously exist: 
i(t) = io + yi+(i)

*+(0 =~ *<>+G — ti) 
ia+(t") = ia(i) —i(t)

ia («) = i(t)eaS
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(10)

(11)— (m— 1) + z*op.ti

(12)

(13)

J*.A

2

f=Ai0g(i + e4'

to a fair degree of approximation. For the sake of discussion 
we at this point replace by ie, the value of i at which space­
charge distortions begin and lead to a spark. Then t is the time 
for the current to grow from i0 to that of a spark ic. Here a and 
y are assumed constant with time. It is seen that t depends on 
ti> on the existing value of y(ea5—1) — 1 or e, and the ratio 
of ie/iQ.

Using different values of e corresponding to various values 
of X/p and a value of ti chosen for a 1 centimeter gap in Ne 
gas as 5 X 10 0 second the curves shown in Figure 2 were 
computed. The curves plotted give the ratio of i(j)/i0 as a

Now p = 1 + £ and when e is small we can neglect it. Thus 
we have,

These at once yield
i(i) = io-^-yia+fj--- ^) =^o + y[ia(^---- ^i) ----  *(^ ^)]

= ^o + yi(^—^)(e<l5—1)

> c 
Let us call p = y(eaS — 1) and € = /x—1. Then /x is the value 
of the quantity yea5 which determines the sparking threshold. 
As in this study we shall use a range of values of ea\ it is safer 
to use the exact quantity y(ea5— 1) instead of yea5. The thresh­
old condition for the spark is seen to be /x = 1, or e = 0. In­
serting p into the equations above one has

di(t) 
dt

Solution of this equation yields

t ptj j 1+ (^~ 1) i^/io 
P~ 1 P
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Fig. 2.—i(z)/t0 = f(t)

function of t for various values of e. For € = 0 the current rises 
linearly with time. Thus if i0 — 00 as on the original Town­
send criterion, the appearance of a spark should take infinite 
time. Since actually at i equal to a finite i0 a spark occurs by 
space charge, the time for the development of the spark will be 
finite, though perhaps long. For e 0 the current initially 
rises proportionally to time. It then rises less rapidly and ap­
proaches the limiting value i in Equation 2, as t=oo. This 
applies to the stable reversible regime covered by Townsend’s 
original theory below sparking. For e 0 the current rises 
with time at an accelerated rate indefinitely and, reaching fc, 
goes to a spark via space-charge distortion. The rapid rise of 
i(O/*o with t after a certain initial time explains why the cri­
terion for a spark i = i0 is so insensitive to i0 for larger values of 
the ratio. The time taken in order for the rise of i with t to be­
come sharp, however, depends markedly on the magnitude of €.

In order to test the equation experimentally it is best to 
transform it so that t can be expressed in terms of the over­
voltage V— V8 applied to a gap. Here V8 is the potential giv-
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(14)t =

and we can write

e = A a 8 =

1t = e

that y is constant. At V =V8, 6 = 0, p = 1, and 
7 = 7o.

(V — Va)ab8
Vs2

__ABp28\V~V,)
■ V2

ABp\V — V^e-BpS/ri^\ (15} 
'8 io J

Thus we have

v^v, e°pS/v log I14

ing an e to equal 0, and V is the applied voltage. For this solu­
tion certain approximations are desirable. Hence we shall 
restrict our calculations to values of e such that 1 6 0.
Let us assume in this region just above sparking, but near it, 

a = a0 while 
If we increase a from a0 to a0 + Aa, then 6 increases to

€ = M _ 1 = ro(e(«.^.)5 _ ! ) _ yo(eao5 _ J )

el'v

e-wv8

= yQea^e^

Now yea°s = 1 and if 6 < 1, € = Aa8. Hence we have

-^logfl+Aa34) 
Aad \ i0 /

In a limited region in the regime of X/p where we are inter­
ested a/p = Ae~B/Wp). This relation was originally deduced 
by Townsend on an erroneous assumption.23 It has since in a 
limited region been theoretically justified by von Engel and 
Steenbeck.24 Actually it is a purely empirical equation which can 
be fitted in the narrow range at large X/p used by a judicious 
choice of the constants. For the sake of analysis we will then 
set a = Ape'B5p/v = ae'b/v. Hence a0 = ae~b/v* and a0 + Aa = 
ae b/v. Hence Aa = ae"&/y(l—e-(y~”ya)&/yi«). For small values 
of V — V8 the quantity in the parenthesis above is
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(16)t =
i

as € = 0,

which yields

1

It is

i
i

a

e±
lo,

t __ tde
lV, ----- —----

10

For small values of iQ the quantity e —»1. Hence the value of 
io

the logarithmic term will be nearly constant if V — V8 is not
too large. Thus to a rough approximation

* Paetow found that minute insulating dust particles on both electrodes become 
highly charged after the first spark or discharge passes owing to accumulations of 
ions or more effectively photo-ionization by high-energy photons. The fields across 
such charged specks '—• 10-4 to 10-5 cm in diameter amount to ' 105 — 10° 
volts/cm. They can furnish triggering electrons in profusion by localized dis­
charges, photo-ionization of the gas, or field emission in the process of neutralizing 
themselves. Cf. p. 65 and Loeb, Fundamental Processes of Electrical Discharge 
in Gases, pp. 498-500.

This equation is independent of z0. It makes t=OO as V — 
Vs = 0. Since the equation is not rigorous, this conclusion is 
not justified. To determine the effect of i0 on sparking time at 

one can take the limit of the rigorous equation

t = — log 
€

This implies a finite 
smaller the larger i0. 
then, since it

time to achieve a spark which is the 
If ic/iQ is set as (10-710-15)=10+1°, 

10~°, tVt 101 seconds, which is a long time.
Measurements were conducted to determine t as a function 

of V — Vs in H2 and He, using natural ionization present in 
the gap due to the Paetow23 phenomenon or metastable states.* 
Here iQ is of no consequence. In Figure 3 the curve for t as a 

function of - is shown for small values of V — V8. 
' r 8
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seen that where V — K, is small the curve is nicely linear. The 
observed values of t at V — V8—0.1 where V8— 300 volts 
was of the order of 1 second. In Figure 4 the value of t is 
plotted as a function of V for Ne. The full curve represents 

the equation t = —-----eb/v plotted from values of a and b
V V s

as determined from two observed points. The agreement is 
satisfactory and here includes the logarithmic term.

A test of the equation in absolute magnitude is somewhat 
difficult, owing to the uncertainty in the value of ic/i0. Choosing 
ie as die glow discharge current, and taking A and B as ob­
served for Ne, one can from die expression for a from Equa­
tion 15 and with Equation 16 write

________ a________
1.81 log (l + «<,/i0)

Inserting the value of a, one can evaluate tt as 5 ± 1.5 X 10'c 
second. The value computed for die same gap from die mo­
bility of positive ions in pure Ne is £4 = 6.8 X 10"G second, 
which is a fortuitously good agreement.

The most significant test of the theory was the measurement 
of the variation of t as a function of i0 for various values of V in 
Ne. To this end a photoelectric surface giving values of i0 from 
10' to 10"° ampere on illumination was used. Here t plotted 
against log iQ in Equation 13 should be a linear function which 
goes to 0 as i0 = ic. The absolute values of iQ are uncertain by 
a factor of 2. It is seen that in the curves of Figure 5 the equa­
tion is justified when V is well above V8. At V = 189 volts 

y__ y
where———- = 0.02, eic/iQ becomes so nearly unity that the 

approximations made are no longer valid and the equation is 
inaccurate.

The curves indicate clearly that no space charges are active 
in the early stages of building up the spark and that the forma­
tive time lag is largely due to the time for the currents to grow



19THE TOWNSEND THEORY

0.09

0.08

0.07

0.04

0.03

0.02

001

0.1 0.2 0.3 0.4 0.5 0.6 0 7 0.8 0.9 1.0

Fig. 3.—t

30i

25
l'-= IBO

20-t10'1 175

10

J'=190
10

10'

10 10-220 240 260 280 300

Fic. 4.——/(K) Fig. 5.—t — f(i) in amperes

i
L 
x!5

10

i

01 1 ~~~
10- 10- 10-

la amperes

1__
v-v8

5__ L=20Q4__

°0

o 0.06
ocn

~ 005



20 THE MECHANISM OF THE ELECTRIC SPARK

ts =
1

WnQ
To simplify calculations we assume that n0 electrons start from

to space-charge-producing magnitudes. When z0 becomes large, 
the formative time lags needed to build up to the value of ic are 
very short and fall far below the time scale of 10"4 second of 
the figure, so that the lines appear to converge at 10'° ampere.

5. The Statistical Time Lag

The first study of the time elapsed between the application 
of a breakdown potential and the appearance of a spark, i.e., 
the first study of time lags, was made by Zuber and Laue.28 
Their investigations dealt largely with the so-called statistical 
time lags occasioned by the absence of adequate initiating elec­
trons in the gap. The more difficult techniques involved in 
studies of the formative lags, i.e., in the growth of the spark 
after initiation, were not developed until later. The pioneer 
work of Zuber and Laue, which established the statistical lags, 
sufficed for a long time, especially since the formative lags 
were believed to be capable of throwing more light on the 
mechanism of the discharge. As early as 1926 Braunbek43 de­
veloped a theory of the statistical time lag on the basis of Zuber 
and Laue’s initial studies and the simple Townsend sparking 
equation. It was deduced in a more simple and slightly more 
accurate form by Hertz44 in 1937. In what follows the conclu­
sions will be given in brief. Laue and Zuber showed that the 
probability of a discharge starting in a time interval dt at the 
end of t seconds after application of the potential was given by 

w(i) dt — Wn0e~Wnot dt.

Here n0 is the number of primary potentially initiating elec­
trons liberated per second from the cathode. W is the chance 
that such a primary electron is sufficiently multiplied as to give 
a discharge. The equation above leads us to evaluate the mean 
statistical time lag as
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a6

I

I

the cathode and that each makes n = ea5 — 1 electrons in cross­
ing. Actually some make more and some less, but as n = 
ea6 — 1 is between 50 and 500 the statistical fluctuations are 
unimportant compared to the fluctuations in secondary proc­
esses. Now the average number of electrons liberated by the 
ions produced at the cathode (secondary process) by one pri- 
mary electron of the n0 is

(ea5— l)y = M.

The threshold for the self-sustaining discharge is of course that 
(ea5— Y)y = M= 1. Now y represents the chance that a posi­
tive ion liberates an electron. Hence while M on the average 
has the value (ea5— l)y, it will not be this in individual cases. 
Thus M may be 0 one time, 1 another, and 2 another, and so 
on giving 717=1 on the average. When 47 = 0 the succession 
of events which occur when 47 = 1 ceases; i.e., the discharge 
is not maintained. This same condition with 47 = 0 can occur 
for the avalanche of the second or third ionizing cycle, corre­
sponding to the second or third succeeding avalanche initiated 
by an electron, and the subsequent (ea5 — l)y electrons liber­
ated at the cathode. That is, starting with one of the nQ electrons 
an avalanche ea0 — 1 is started. If M is 0 there will be no spark. 
If M is 1 then the process will repeat itself, but the second M 
may be 0, or 1, or 2, so that the process may cease or even 
multiply, and so forth. When n0 or subsequent values of M 
exceed unity, on the average, the chance of extinction is less. 
Thus even above the threshold when the average M is unity we 
can expect a finite chance of the spark or breakdown not mate­
rializing. Let us designate by W the chance that above the 
threshold, even with a long succession of avalanches, the process 
will not break off. This is what we wish to know. We can then 
set W = 1 — Q, where Q is the chance that after a number of 
successive trips the discharge will break off. If then we per­
form an experiment in which a number of separate ionizing 
sequences are allowed to be initiated in turn from the cathode
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a fraction Q = 1 — W will be observed to break off without 
a spark. We can segregate the observed results into n + 1 
groups, where n = ea5—1, according to what happened in the 
transit of the first avalanche in crossing the gap. The group 
designated as 0 is the one in which the positive ions of the first 
avalanche do not liberate an electron from cathode. The group 
designated as 1 is the one in which the avalanche ions liberate 
1 electron. The group designated as M is one in which M elec­
trons are liberated. Call the chance that one experiment 
yields the group M. It is now possible to calculate for any one 
group the chance that a further continuation of the process will 
lead to a breaking off of the discharge chain. For M = 0 this 
chance is 1. For M=1 the chance is Q by definition of Q. 
Since the chances of subsequent events following an avalanche 
are independent of any previous events we can write that for 
the Afth class the chance of breaking off is QM. The net value 
of Q is then the sum of all the values in each independent group 
of experimental results. That is

n s 
M = 0

But uu is determined by n and y. Then uM is the chance that 
out of n ions reaching the cathode M ions liberate an electron, 
and n — M liberate no electron. The chance of liberation of an 
electron by 1 positive ion is y, the chance of not liberating an 
electron is 1 — y. The chance that out of n ions M liberate an 
electron and n — M liberate none is given by well-known laws 
of probability as:

n 
M

n \ / y 
M/ \ J ---  y

This combined with the expression for Q above yields at once

(i-y)n!f+ <2v-Mn
\ 1— y)
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= ny = (ea5— l)y = M.

Since <2 = 1 — W9 we get on rearrangement that 

i — r=(i—7wy.

The plot of this function is one which begins at 0 with M = 1 
and rises at first steeply as M increases to fairly close to unity 
at M — 4. To be specific, when M = 1.4 the value of W = 0.5; 
that is, only half of the electrons succeed in causing a spark; 
when M = 2 only 80 per cent of the avalanches give sparks. It 
is clear that if we have the value of n0 and W as calculated from 
AI=(ea5—l)y under any discharge conditions we can at 
once calculate ta=A./nQW. Hertz applies the theory to an A 
discharge studied by Schade. Here the values of a in A for 
various values of the potential for the 8 mm gap at 10.6 mm 
pressure are taken from the curves of Penning and Kruithoff. 
Using the single value of y = 0.02 afforded by this study, 
Hertz then calculates M and W at various values of the applied 
potential. Assuming n0= 10, the value of t8 can be determined 
from the value of the threshold of 350 volts, at which M = 1, 
up to higher potentials. Starting at ta=<X) at 350 volts, the 
calculated curve for t8 drops rapidly to 0.25 second at 360 
volts and at 400 volts approaches its limiting value of £, = 0.1 
second when W = 1 and every electron gives a spark. Such a 
curve is reasonable. The theory is rather simplified when re­
garded in the light of the proper interpretation of the sparking 
criterion. It strictly applies only to the Townsend mechanism 
in a simplified version. It does not apply where space-charge 
accumulation by successive avalanches plays any role. For in 
that case later ionizing events are not independent of the suc­
ceeding ones. The theory also is not applicable to cases where 
the ionizing agent furnishes a burst of electrons from the

Inasmuch as y is very small, log (1—yW} can be expanded 
in a series and replaced by the first order term —yW, then

log (1 —IF)
W
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cathode in a time interval short compared to the average value 
of the electron liberation. In that case, e.g., for a particle or 
y-ray ionization W = 1 and t8 does not depend on 
of ions, i.e., on l/n0, but rather on the number of 
bursts per second.

With these remarks one may leave the question of statistical 
time lags as being clarified in principle in the case of the Town­
send discharge.

6. The Character of the Spark Channel, Time Lags, 
and Townsend’s Theory

There remains one aspect of the question of sparks at low 
p8 which must be discussed in connection with Townsend’s the­
ory. It was clearly indicated above that the time of growth of 
the spark giving a glow discharge depends on the photocurrent 
i0. This dependence connotes that the whole area effectively 
illuminated and giving i0 breaks into the glow discharge. That 
means the spark involves a broad and diffuse area. Since the 
initiating current i0 is on at the time that the potential is applied, 
there should for the usual values of iQ be but a very short sta­
tistical time lag and the only time lag of consequence should 
be the formative lag. This formative lag it was seen for low iQ 
is determined primarily by the time to build up a space charge 
forming current ic. In Schade’s experiments in Ne adequate 
currents i0 were always present, owing either to metastable 
atoms or to a strongly illuminated surface. In the case of H2, 
and especially before the first discharge had initiated the Pae­
tow20 effect giving an i0, there were statistical time lags of con­
siderable length present. These were due to an effective i0 so 
low that there were actually inadequate initiating electrons, i.e., 
a low value of n0 in t8 = —\r/. In the time-lag measurements 

of Schade with low i0 the equations tested in Figures 3 and 4 
were the approximations independent of iQ. Here also statis­
tical time lags were avoided.
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There are, however, observed cases of sparking at low p8— 
though not as low as those used here and not necessarily lead­
ing to a glow discharge—which follow Townsend’s equation 
but where the formative lag is independent of iQ, Such sparks 
are accompanied by statistical time lags which vanish only on 
adequate illumination.20 They vanish the more readily the 
more e exceeds 0 or the greater the overvoltage as indicated 
on page 23. At 6 = 0 they require very high values of iQ in 
order to vanish for IF is very small. In those cases t depends 
only on e and on the diffusion of ions and electrons during the 
time of building up the discharge. These sparks are character­
ized by narrow channels and much more intense light emission 
along the channel.

Such sparks arise as follows. At a value of e greater than 0 
a single fortunate photoelectron starts an avalanche of ea5 elec­
trons across the gap. The positive ions from the anode region 
ti second later have crossed the gap along the path of the ava­
lanche with some slight lateral diffusion. Thereupon the yea8 
electrons from the cathode start new avalanches from the same 
general region of the cathode that originated the first avalanche. 
These again send back (yea5)ea0 ions in a second interval 
Thus the current increases along a single filamentary channel 
whose radius is largely determined27 by \/2Dt. In this rela­
tion D is the electronic diffusion coefficient and J = for the
avalanches that have preceded. It is possible that the positive 
charges act somewhat to reduce the value of D and to confine 
the channel. When this localized current ie has reached a value 
such that it has a density of positive ions sufficient to cause an 
increase of a near the cathode, especially where a/p increases 
rapidly with X/p, then the localized current rapidly increases 
to a value where a filamentary spark materializes. The value 
of ic, or current density /c, for the development of space charges 
is the lower the higher p8 and the lower the value of X/p. 
Thus, while space charges only begin to be active at 10-5 ampere 
in Schade’s case, they are active at smaller currents at higher
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p8 and lower X/p. If e is large then Sz{ is short, the spark 
channel is narrow and chance statistical fluctuations in the value 
of e are not likely to prevent the initiated avalanche from going 
to a spark, i.e., 17 is large. Thus any initiating electron will 
suffice to cause a spark. The average statistical time lag will 
then depend only on the average time between initiating ava­
lanches given by z0, or better by l/n0; i.e., it will vary inversely 
as z’o? an observed experimental28 fact. If, however, e = 0, then 
many of the avalanches started by z0 will fail to achieve a spark, 
owing to statistical fluctuations in the value of e (small J7). 
Hence, despite a high z0, there may be considerable statistical 
lags. In this case, and especially at lower pressures where D 
is large, the paths will be diffuse. In such sparks the following 
conditions will apply.

а) Statistical lags will depend on 
tional to 1/J7zo, where J7 depends on 
from unity as overvoltage decreases.

б) The length of the lags at constant iQ will decrease as e is 
increased above 0.

c) The formative time lags will be independent of i0 but will 
depend on e, p, and 8.

Such sparks have been observed in the intermediate region 
of pressures between the regime studied by Schade and the 
region of high p8 where the new streamer theory applies. They 
have not been studied extensively as yet.

One may finally inquire as to whether the value of i0 can 
alter V8 as well as the statistical and formative time lags. It 
can at once be seen from Schade’s theory and from what has 
been said above that in the absence of space-charge distortion 
z’o cannot change the value of V8. If, however, under any theory 
the values of z0, or better the photoelectric current densities /0, 
are great enough at the values of X/p and p8 existing to cause a 
space-charge distortion in the gap, the values of j0 or z0 will 
definitely reduce V8. The cases where this can occur are covered 
by the equations set up by Varney15 for space-charge produc-
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7. Difficulties Encountered by the Classical Theory 
at Larger Values of p8

Although the Townsend theory in its initial form had some 
success for sparks at low values of p8, it presented considerable 
difficulties when it came to visualizing sparks at higher values 
of p8. The difficulties, however, did not become insuperable 
until after 1927, when the measured formative time lags of 
sparking were found to be of the order of 10"2 of those to be ex­
pected on Townsend’s theory. The interpretation of the condi­
tion yea5 — 1 as a sparking threshold in a measure improved the 
situation. On the other hand, the realization that positive ions 
could not ionize by impact in gases made the application of

tion by photocurrents in Townsend gaps. In the region of 
higher p8 and lower X/p where a/p changes rapidly with X/p, 
the effects can be considerable. Thus Meek42 has shown that for 
the streamer mechanism a lowering of V8 by tens of per cent 
can follow from adequate /0. Rogowski29 has developed a some­
what different and perhaps doubtful theory on the basis of 
Townsend’s mechanism which indicates that the same thing can 
occur with the mechanism under consideration. Both these cal­
culations are borne out by the studies of H. J. White30 and of 
Rogowski and Wallraff,30 who used intense values of /0 at at­
mospheric pressure. For short periods of illumination of the 
gaps at high /0 they observed reductions of V3 by as much as 
10 per cent. The effect is most pronounced at high p8 and 
lower values of X/p where distortions can readily take place.

From what has now been said it is clear that at appropriately 
low values of p8 the Townsend equation as modified by a proper 
interpretation of the second Townsend coefficient appears ade­
quate to explain the sparking phenomena observed. The same 
situation does not apply when p8 reaches higher values. In air 
the failure appears above a p8 of about 200 mm X cm. It is 
now of interest to present the nature of the failure of the Town­
send theory at high p8.
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Townsend’s mechanism more difficult. Many attempts were 
made in the years following 1928 to salvage the theory so as to 
fit the facts. None of them, however, proved satisfactory. While 
in principle even as late as 1936 the present senior author31 still 
adhered to the modified Townsend theory, it had became in­
creasingly clear to him that the mechanism was not adequate 
at high p8. The inadequacy can best be illustrated by listing a 
series of phenomena which the Townsend theory must under 
these circumstances account for:

a) The formative time lags of sparks at atmospheric pres­
sure are observed to be of the order of 10’‘ second or less for a 
one-centimeter gap with small overvoltages.19 These time inter­
vals are of the order of one one-hundredth the time intervals ti 
required for the passage of positive ions from anode to cathode. 
In fact they are of such lengths as entirely to preclude the move­
ment of positive ions in the gaps. Thus the proper spark-dis­
charge mechanism must materialize through electron movement 
alone. Various attempts were made by Franck and von Hippel,22 
by the present senior author,32 and others to develop mechanisms 
by which this could occur. These proposals, while suggestive, 
each had inherent in them difficulties which made such pictures 
unlikely in many discharges, especially if taken together with 
other difficulties to be mentioned below.

b) At atmospheric pressure the sparking potential has been 
found to be largely if not entirely independent of cathode ma­
terial.33 Townsend’s theory, while somewhat insensitive to the 
value of y at higher pressures, requires a definite dependence 
on the value of y of the order of some 2 to 15 per cent.34 The 
values of p8 where cathode dependence experimentally appears 
to become unimportant lie about p8 > 200. This difficulty oc­
curs only where the second Townsend mechanism is confined to 
the cathode. Where, as by photo-ionization in the gas or by ioni­
zation by positive ions in the gas, /3 depends on the gas alone, 
this condition causes no difficulty. Ionization by positive ions 
in the gas is, however, definitely ruled out,1 and photo-ionization
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in the gas requires a mechanism other than Townsend’s mech­
anism.

c) There are gaseous discharges such as the positive-point 
corona and lightning discharge where there is no cathode action 
involved at all. A proper spark-discharge mechanism must thus 
also include an explanation of these discharges.

d') It has been observed that in the study of the currents 
between parallel plates as a function of plate distance x at 
lower values of X/p there occurred sparks at values of x where 
the log i/i0 — x curves showed absolutely no curvature35 indi­
cating a y. At first this fact was ascribed to fluctuations in the 
potential source. Today these fluctuations can be eliminated. 
Still sparks occur, owing apparently to an electron ionization 
alone with no detectable value of y. These also occur at such 
low current densities that they cannot be due to space-charge 
distortions of the type envisaged by Varney. The only conclu­
sion to be drawn is that there is a sparking mechanism at higher 
p8 that is independent of a cathode-conditioned y.

e) Observations of sparks by visual, photographic,36 cloud­
track,3' and Kerr-cell-shutter methods38 indicate that sparks 
occur along very narrow filamentary channels even in their 
very early stages. Such channels, especially the branched and 
irregular ones observed with longer gaps, are hard to reconcile 
with the original Townsend theory. The straight filamentary 
channels can, however, be made compatible with the modifica­
tion of Townsend’s mechanism, which is independent of iQ. This 
mechanism has statistical time lags dependent on f0 and was 
discussed on page 25. The mechanism there discussed, how­
ever, requires long formative lags.

/) It has been shown on page 24 that there are two mecha­
nisms of the Townsend type which can lead to sparking. One of 
these at lower p has no measurable statistical time lag but a 
formative lag dependent on iQ, and is a diffuse discharge. The 
other at higher values of p8 is one with statistical time lags de­
pending on i0 and with a formative time lag dependent on over-
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voltage, but independent of i0. The spark channel there is nar­
row. Neither of these has the value of the sparking potential Vs 
dependent on i0 until the current densities /0 cause a space­
charge distortion in the gap as the potential is raised. The cur­
rent densities /0 involved in such an effect are very high and 
cannot be produced short of illumination by a condensed spark 
discharge. The observations on sparks at p8 > 200 indicate 
that if the Townsend mechanism is applicable at all the mecha­
nism must be the second alternative mechanism depending on 
localized processes initiated by one electron.

g) The Kerr cell38 and cloud-track photographs3' of the 
early phases of spark discharge reveal the initial phases of 
spark breakdown as consisting of midgap and anode streamers 
in overvolted gaps or anode streamers in other gaps. The de­
velopment of intense ionization outward from the cathode, or at 
least a channel extending well across tlie gap from the cathode, 
as would be expected on the Townsend mechanism classified 
under (e) has not been observed above p8 200.

8. The Indications as to the Conditions to Be Met by a 
Correct Theory at High p8

We must thus conclude that Townsend’s mechanisms do not 
occur in the air much above a p8 > 200. What the active mecha­
nism is remained obscure until revealed by the phenomena ob­
served in positive-point corona under some conditions. However, 
one can, from the criteria above, indicate certain conditions 
which a successful mechanism must conform to. These are:

а) The mechanism must depend essentially on electron 
movements, the ions remaining relatively fixed during the short 
time intervals involved in spark breakdown.

б) The spark must be initiated by a single electron along a 
. narrow path.

c) The spark must depend on secondary processes in the gas 
and cannot involve the cathode.

d) The mechanism is favored by large p8 and lower X/p
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and may involve space-charge processes. The processes needed, 
however, have not been considered before.

e) The intense phases of ionization in breakdown must pro­
ceed from die anode or the midgap region toward die cathode.

The discovery of the positive streamer in positive point-to- 
plane corona and the explanation of its mechanism by Loeb, 
Trichel, and Kip39 in 1936 to 1939 clearly indicated the charac­
ter of the mechanism sought for. Loeb then carried the concept 
of this streamer process over to the mechanism of spark break­
down in a qualitative fashion. Nearly simultaneously H. 
Raether,10 from his cloud-track pictures, arrived at the concept 
of a positive-streamer process as being the essential feature of 
the missing mechanism. It was not until Meek41 proposed a cri­
terion which placed the streamer theory on a quantitative basis 
that a real advance could be made. Since then this mechanism 
has been found to correlate practically all observed spark-dis­
charge occurrences, at a p8 in air greater dian 200 in terms of 
modifications of a single mechanism, with unbelievable success. 
It is the purpose at this point to depart from classical and his­
torical procedure and to develop the streamer theory and its 
consequences in a straightforward logical fashion.
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Chapter II

THE STREAMER THEORY OF SPARK DISCHARGE

I

1. Anode Space-Charge Field Due to an Avalanche

One may begin by considering a plane-parallel gap of 8 = 
1 cm length in which the cathode is illuminated by ultraviolet 
light to such an extent that one electron per microsecond leaves 
one square centimeter of cathode area. Assume that in air at 
atmospheric pressure the potential across the plates is 31,600 
volts, which is the conventionally observed sparking potential V8. 
The ratio X/p = 41.6 volts/cm per mm Hg.

Let us then calculate what happens in the field to one of 
these electrons. It starts across the gap, quickly acquiring an 
average random energy of some £’ = ^mC2 = 3.6 electron 
volts and a drift velocity v in the field direction of about 1.5 
to 2 X 10‘ centimeters per second as measured by White1 and 
Raether.2 As it moves it creates new electrons at the rate of a per 
centimeter in the field direction so that in a distance x it and its 
progeny amount to eax electrons, forming what is called an 
electron avalanche. Therefore, eax positive ions have been left 
behind by the electron group, virtually where they were formed 
in the 10'7 second of advance for the electrons in the distance 
x = 8 across the plates. (The mobility of the positive ions is 
of the order of 10“2 to 10'4 that of the electrons.) As the elec­
tron avalanche advances, its tip is spreading laterally by the 
random diffusive movement of the electrons. The rate of diffu­
sion of such an avalanche has been experimentally measured 
by Raether2 and is found to be about what one would expect 
from theory based on the velocity v. The average radial distance 
of diffusion can be calculated from Raether’s equation giving 
r = \/2Dt, where t = x/v is the time of advance of the ava­
lanche and D is the coefficient of diffusion which may be esti-
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mated from v.* From these data it is possible to compute the den­
sity of positive-ion space charge left behind at any point x. The 
value of a under these conditions is about 17, making e^ — e11 
or 2.4 X 10'- The first ion pair is created at 0.0407 cm from 
the cathode. At 0.5 cm from the cathode there are 4914 ions, 
at 0.75 cm there are 3.66 X 10° ions, and within 0.0407 cm 
from the anode there are 1.2 X 107 ions. Most electrons 
will be drawn to the anode except for some few that are bound 
by the positive ions, making a sort of a conducting discharge 
plasma in the avalanche path. Cloud-track pictures of such 
avalanches as they proceed across the gap with time intervals 
of 10'‘ second between pictures are shown in Figure 6 as taken 
by Raether.2 A schematic diagram of this is shown in Figure 7.

Such a distribution of ions does not make a conducting fila­
ment of charges across the gap, and hence in itself an avalanche 
that has crossed does not constitute a breakdoiun of the gap. In 
some 10"° second, the positive ions created could cross the gap 
and these could lead by secondary mechanism at the cathode to 
the beginning of a Townsend form of breakdown. However, 
long before this time interval, the spark has passed and the dis­
charge is nearly over. Thus one must look further for the mech­
anism of the spark.

Let us calculate the field due to the positive ions at the anode 
where they are most densely packed after the electrons have 
entered the anode. While the ions are not in a spherical volume 
(they are in a nearly conical channel with an apex of maximum 
density at the anode), it is, however, simpler for purposes of 
calculation to assume that the ions are largely in a sphere of 
radius r, to be defined, at the end of the avalanche and to com­
pute the space-charge field at the surface from the density of 
the charge. The field strength Xr due to this space charge is 
4?r^e/4-7rr2, where e is the electronic charge and q is the number 

of charges in the sphere. Now q — — irr3N, where N is the ion 
o

* According to G. Jaffe r is more properly V4Dt. The numerical error intro­
duced by the use of 2 in what follows is not of great importance.
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Fig. 7.—Schematic figure showing, J, the electron multiplication of 
electrons by the cumulative ionization of a single electron liberated from the 
cathode by a photon; B, illustrating a secondary electron emitted from 
cathode by a + ion, which has a chance of occurrence Y; C, the development 
and structure of an avalanche, with + ions behind electrons at the tip; D, 
the avalanche has crossed the gap, spreading by diffusion; F, the later his­
tory of an avalanche. Electrons have disappeared into anode. Positive 
space-charge boss appears on cathode at F. Ion pairs out from the trail 
indicate the appearance of photoelectric ion pairs in the gas produced by 
photons from the avalanche. These were omitted from C andjDj They are 
denser in the channel from which they are omitted (for the sake of clarity. 
E shows a photoelectron from the surface of the cathode produced by the 
avalanche.
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density. Thus Xr =

N = (17)

Hence

(18)

(19)X1 =
3\/2D(x/v')

Now r is the value of r caused by electron diffusion in crossing 
tire gap which is r = \/2Dt. Hence 

4.eaeax 4eaeax 
3\/2Dt

aeaxdx
?rr2dx

aeax 
irr2

where v is the electron velocity and k is the mobility. For rough 
calculation r as observed by Raether is r = 0.013 cm, which 
makes Xr = 6,000 volts per centimeter, or XY/X = 0.20. Thus 
the field caused by the space charge is 20 per cent of the applied 
field near the cathode. Had an overvoltage of 5 per cent been 
applied, making X/p = 43.6, a would have been 20 and Xr 
would have been 140,000. Thus part of the electron swarm 
would not have crossed the gap completely, for it would have 
been held back by the heavy space charge some 0.9 of the way 
across from the cathode unless other actions, to be discussed, 
take place.

2. Photoelectric Ionization in Gas as a Secondary 
Mechanism

Accompanying the cumulative ionization there is produced 
by the electrons from four to ten times as many excited atoms 
and molecules. Some are excited to an energy exceeding the 
ionizing potential of some of the atoms and molecules present, 
either by excitation of an inner shell, by ionization and excita-

-^-Trr/Ve. In a distance dx at the end of a 

path x, the number of ions resulting from cumulative ioniza­
tion is aeaxdx and

Z1== — eaeal/r 
3
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tion, or in a mixed gas like air by the excitation of molecules of 
higher ionizing potential, e.g., N2. These excited atoms or mole­
cules emit radiations of very short wave length in some 10"s 
second. This short ultraviolet radiation is highly absorbed in 
the gas and leads to ionization of the gas. In fact, the whole 
gas and the cathode as well are subjected to a shower of photons 
of all energies traveling from the region of dense ionization with 
the velocity of light. Thus nearly instantaneously in the whole 
gap and from the cathode new photoelectrons are liberated 
which almost at once begin to ionize cumulatively. Such photons 
have been observed in corona discharge by Cravath and De- 
chene,3 in Geiger counters by Greiner,1 in parallel gaps with 
sparks by Paetow,5 and at the cathode in high-pressure positive 
corona by Kip,c as well as by means of cloud tracks by Raether 
and Costa.'

3. The Mechanism of Positive Streamer Formation

The photoelectrons created at points in the gas and at the 
cathode at any great radial distance from the avalanche axis will 
merely create other avalanches. Those in the gas will be short 
and those coming from the cathode region will be long and like 
that of the initial avalanche. Being smaller and, in any case, 
later in creation than the parent avalanche, such avalanches will 
be of no interest in breakdown. However, those photoelectrons 
created near, the space-charge channel of positive ions, and 
especially near the anode, will be in an enhanced field which 
exerts a directive action drawing them into itself. If the space­
charge field Xi is of the order of magnitude of the imposed 
field X, this action will be very effective. In addition the values 
of a in this region will be much enhanced.

The electrons from the intense cumulative ionization of such 
photoelectron avalanches in the combined fields X and X± which 
are drawn into the positive space charge feed into it, making it 
a conducting plasma which starts at the anode. The added fields 
will be most effective along X and so will the ionization. The
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positive ions they leave behind will therefore extend the space 
charge toward the cathode. These electrons also create photons 
which produce electrons to continue this process. In this fashion 
the positive space charge develops toivard the cathode from the 
anode as a self-propagating positive space-charge streamer.

Such streamers have been observed and studied in positive­
point corona discharge by Trichel, Kip and Loeb.8 They have 
also been photographed in cloud tracks by Raether,9 as shown 
in Figures 8 and 9. The way in which these streamers progress 
is shown schematically in Figures 7 and 10. Their velocity of 
propagation, dependent as it is on photo-ionization in the gas 
and photon propagation with the velocity of light as well as 
short-distance motion of electrons in high fields near the space 
charge, is rapid. It is probably distinctly more rapid than the 
velocity of 2 X 10' cm/sec of the initial electron avalanche,9 
being of the order of 1.3 X10’8 cm/sec as observed by 
Raether in one case.

As the streamer advances toward the cathode it produces 
a filamentary region of intense space-charge distortion along a 
line parallel to the field, the potential distribution along which 
is shown in Figure 11. The conducting streamer of a plasma 
consisting of electrons and ions extending to the anode thus 
makes a very steep gradient at the cathode end of the streamer 
tip. As this advances toward the cathode the photoelectron 
avalanches produced by radiation at the cathode, especially at 
the intercept of the extended streamer axis at the cathode, begin 
to produce an intense ionization near the cathode. Hence posi­
tive ions created there may increase the secondary emission. 
Thus, as the space-charge streamer approaches the cathode a 
cathode spot is forming which may become a source of visible 
light. These are seen in Dunnington’s Kerr cell pictures10 in 
Figure 12. When the streamer reaches the cathode there is a 
conducting filament bridging the gap. As the streamer tip reaches 
the cathode the high field produces a rush of electrons toward 
the end of the streamer. This, if followed by a current of elec-
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4. The Quantitative Criterion for Streamer Formation

It was seen above that the action of the radial field of the 
positive space-charge residue left by an avalanche that had 
crossed a gap could be such as to draw into itself photoelectrons 
and propagate as a positive-anode streamer to the cathode. It was 
shown that such a streamer that had crossed the gap short-cir­
cuited the electrodes by means of a conducting filament of plasma, 
thus being in a condition to discharge the plates and so giving a 
spark. It was further seen that the positive-ion space-charge fields 
at the anode of a gap at the sparking potential were of consider­
able magnitude. The presence of the proper kind of photo­
ionization in the gas was indicated to have been observed ex-

trons, gives a high-potential wave which passes up the pre­
ionized conducting channel to the anode, multiplying the elec­
trons present by a large factor. The channel is thus rendered 
highly conducting. If the metal can emit a copious supply of 
electrons because of the formation of an efficient cathode spot, 
the current of electrons continues up the channel maintaining 
its high conductivity and even increasing it. This current, 

; unless limited by external resistance, will then develop into an 
'^arc. It is, however, the intense increase in ionization by the po­

tential wave which gives the highly conducting channel charac­
terizing the spark. The velocity of propagation of the returning 
wave of ionization up the pre-ionized channel may be exceed­
ingly great. It reaches 10s to 10° cm/sec in stepped leader 
strokes and IO10 cm/sec in the return stroke in lightning dis­
charge.11 Similar velocities have been observed by Allibone 
and Meek12 in long sparks. This mechanism was first invoked 
by Cravath and Loeb13 in an attempt to explain the velocity of 
the stepped leader strokes. It was later developed by Schon- 
land.14 who showed that the velocity of propagation depended 
on the ion density in the pre-ionized channel and on the gradient 
of the potential wave.
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Fig. 8.— The development of an avalanche into a streamer as photo­
graphed by Kaether at about 260 mm Hg at 20° C. in H ,0-alcohol air mix­
tures, expansion ratio 1.13. The field strength was initially 11.800 volts/cm 
in a. The field strength increases in b and c and at about 12.200 volts/cm 
it causes the return streamers to cross the gap as they do in d and e. Note 
the branching in e and the cathode spot that developed in the right-hand 
streamer in d and the streamer in e. The low expansion ratios cause con­
densation on chemical products in the avalanche so that only the core of the 
discharge is seen without its mass of diffused ions and electrons.
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Fic. 9.—Discharge streamers observed by Raether
A (a, b). conditions similar to those in Figure 8 with only the time of the 

impulse field increased so that the streamer could progress farther toward 
the cathode. The streamer velocity observed was 1.1 to 1.3 X 10s cm/sec. 
Note the advance of the streamer well past midgap in a, while in b it has 
not advanced as far. Note also the avalanche that has not developed to a 
streamer to the left in b. Note the evidence of branching in these streamers.

B (c, (/, c), discharge streamers crossing the gap observed by Raether 
in longer time intervals. In these cases a distinct cathode spot has formed 
and the bright return stroke is taking place. The discharge in c has devel­
oped farther than the others. The wedge at the left of c is the core of the 
head of an avalanche that came too late to form a streamer.



distance

Fig. 11.—Space potential 
of streamer

G

Fig. 10.—This figure carries further the schematic diagram of Figure 8, 
showing the growth of a streamer. In Figure 8 at F one sees the positive 
space-charge boss ready to move toward the cathode by photo-ionization. 
Al G, in Figure 10. one secs the channel of plasma which has advanced one- 
third the way across the gap with its positive tip at H. The photo-ionization 
about the tip is shown will) some ionization at the cathode at /. In J we 
see the streamer as it approaches the cathode. The intense photo-ionization 
and photoelectric liberation from the cathode is indicated. It is perhaps not 
emphasized sufficiently, for Raether’s pictures show a strong cathode spot 
at this stage.



rn> ~

a>

3 ’ *

.‘2
r> ??

•2 -I---
5

’T

77 n «
2?

cn

m
Vt n

(N
fj

■o

r» 7 o o

7 -c
Ln

co<•>
o

7 7

Q

M

7

VD in
’T

O 
rxl

in 
rxj

Ia 
a

o
VO

s -
£
□

3 
N

£

If- •
Si

o 
m

£
Q- 
05 
b£

2

te 
ft 
o

7 
£

5

* 
jj

*r
a ■

to
*

£ 
?
ft 
ft 
ft

E 
E 
o

7 
*

X 
ft 
o

3 -“ 
fc -
o

</>
'§

j
CM

E UD

</)
S £

Q_ U



41THE STREAMER THEORY OF SPARK DISCHARGE

j

peri mentally. Finally the existence of such streamers has been 
amply demonstrated in positive-point corona discharge and 
some of their characteristics have been established. Thus the 
possibility that at higher p8 the plane-parallel spark gap may 
break down by a positive-streamer mechanism has been demon­
strated. It now remains to determine under what conditions 
such a streamer formation can occur and whether or not such 
conditions as are needed do exist.

First it is clear that an adequate density of photo-ionization 
must exist in the gas near the space charge to insure a continu­
ous supply of electrons. This will depend on the diffusion in 
the electron avalanche (i.e., concentration of the space charge 
and photon production in a small volume) and on the absorp­
tion coefficients of the molecules or atoms for the active photons 
produced in the avalanche. If the space-charge channel is broad 
and the absorption of the photoelectrically active radiations is 
small, streamer formation cannot occur. Thus at low pressures 
streamer formation would be unlikely.

Secondly, the positive space-charge field must be such as to 
insure that those photoelectrons produced are drawn into the 
channel and that in being drawn in they sufficiently increase 
so as to produce an adequate supply of electrons to advance the 
tip.

Thus streamer formation requires adequate photo-ionization 
and adequate fields at the streamer tip. The necessary magni­
tude of both these quantities for streamer propagation must be 
established. The question of the density of ionization needed 
will be discussed at a later point. Suffice it to say that in air at 
atmospheric pressure it is more than adequate for gaps under 
10 cm length. There are, however, conditions where this is not 
the case.

The question of the magnitude of the field required for 
streamer propagation was the question which remained un­
answered until Meek15 proposed the following simple solution. 
In order that the electrons needed feed into the space-charge
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tip, the radial field XY at the surface of the hemispherically 
considered positive space charge must equal the impressed ex­
ternal field X. Applying this criterion, Meek at once obtained 
reasonable values of the sparking potential in air. This cri­
terion was thus adopted for practical purposes. Further study 
has indicated that the field Xx need not exactly equal the im­
pressed field. In fact, as will later be seen, the numerical results 
are quite insensitive to the criterion set and we should more 
properly set the condition as Xr = KX. Here K is a factor lying 
between the limits 0.1 < K < 1 for air. It may conceivably even 
vary slightly with changing conditions. The physical significance 
of the criterion is obvious. If Xr = KX, then those photoclec- 
trons created near, the tip of the space-charge avalanche will be 
quite certain to feed into it. Whereas, if K «1 the chance for 
this is small. Physically a more complicated and esoteric cri­
terion is required. Such a condition would be that the combined 
field f(Xi +A), at the distance of a certain number of ionizing 
free paths, must be of such magnitude that for n photoelectrons 
produced in this volume, the neSadx positive ions produced are 
enough to maintain the space-charge density as it advances. In 
our ignorance of the photon production, photoelectric ioniza­
tion, absorption coefficients for photons, etc., the more appro­
priate criterion above would be hopelessly complicated and 
we could derive no theory. The very simple criterion of Meek, 
rough and loose though it be, owing to the nature of the proc­
esses involved, appears to be sufficiently successful to warrant 
its future use as a criterion. For the purposes of the present 
considerations we will set K=l. At a later point an attempt 
will be made in view of existing numerical data to fix a more 
satisfactory value for K.

We are now in a position to apply the Meek condition, that 
the radial tip field X± equal the impressed field X when the gap 
length has reached a value x = %15 such that a spark can pass, to 
the equations deduced for the field produced by an avalanche 
after an advance of Xi cm.
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x1 =

er = 1010 (20a)

It has been shown in Equation 19 that

4eaeaj

and here we set Xi = X at x = Xi in order that a streamer form 
at some distance x19 Before doing so, however, it is necessary 
to make certain transformations essential for evaluation of the 
constants. The ratio of D/k for electrons in a field has been 
shown by Townsend10 to be expressed as

?-©(»•
Here P is the gas pressure in dynes per square centimeter where 
there are TV molecules per cubic centimeter, so that P/Ne is 
the gas pressure in dynes per square centimeter divided by the 
Faraday constant per cubic centimeter. The ratio of the average 
energy of the electrons to the average energy of the gas mole­
cules defining P is c^/c2, which is also the ratio of electron 
temperature Tc to that of the gas T. Now Townsend17 has 
shown how to evaluate T C/T — c2/c2 when fields are so low 
that ionization and excitation by electron impact do not occur. 
Druyvesteyn18 and Smit19 have shown how to evaluate c2 or Te 
when elastic or elastic and inelastic impacts occur. In the high- 
energy region, however, the problem is extremely difficult and 
data needed for molecular gases are missing, so that the solu­
tion has never been worked out. Karl T. Compton20 gives an 
approximate equation for cf5,

cXXq

Here Xo is the electron-free path at 760 mm, f is the average 
fraction of energy lost per impact, and p is the pressure in mil­
limeters of Hg. Below the ionization and excitation potentials in 
inert gases, / = 2.66 m/M. For molecular gases, and above
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excitation energies, / is greater but unknown. From Ramsauer’s 
curves Xo can be obtained if the electron energy is roughly 
known. The expression for XY becomes

4eae"
3_______
lOlOeXXo 
mcfpy/f

4eae“®
3
2xX0 
3p\//.

v = 0.815-^* 
rncxp

Since Ci is given in terms of Xo/\//, an experimental evaluation 
of v under sparking conditions such as those made by White1 
or Raether2 will give Xov7* Using the value of v = 1.25 X 104 
cm/sec as given by Raether at X/p — 41, one finds X0\/f = 
5.7 X 10‘°. Brose and Saayman21 give the electron free path 
in air at about 3 volts energy as X0 = 3.6 X 10"° cm. This 
makes / = 0.025 and Xo/V/ = 3.6 X 10’7(0.025)^ = 
2.28 X IO’4. Actually, both Xo and f are functions of electron 
energy so that X0/7/wiH change somewhat with electron energy, 
i.e., with X/p. Therefore, the use of a constant value of Xo/\// 
over an extended range of X/p is not exact. However, it will 
not change by more than a factor of 2 or 3 in the range of X/p 
for high-pressure sparks, from 20 to 45. Thus we write ap­
proximately,

4eaea* 
3 

2PxX0 V
3NkTpy/f)

In view of the unknown character of the term Xo/\//, one 
must attempt to find data with which to evaluate this quantity. 
Now, as is well known from studies of electron mobility, the 
electron velocity
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%

or

volts/cmX-! —5.27 X 10 (22)

,a5 = 5.27 X 10

(23)

J log0 p8 + logc 8 (24)

X. = Xt = a
1010

(25)5.27 X 10
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5. The Meek Equation for Spark Breakdown 
at Atmospheric Pressure

Now if x — 8. the gap length for a plane-parallel gap, the 
condition for the sparking threshold is that = with X8 
the sparking field, for this insures a streamer crossing the gap 
and giving a spark. Then

ay.
P/

volts per cm,

1.76 X 10‘9ae(

(%/p)%

= 5.27 X 10 'ae' a -(P5)
— eP 
P

4eaeax 
3

(p8) + logc y = 14.46 + logc

For an overvolted gap at Xx = Xs + AXa, x = x0<^8. Here 
midgap streamers form and breakdown proceeds rapidly and 
effectively.

For any other field distribution, streamer formation will fol­
low when for X1 = X89 with Xs the sparking field, the electron 
avalanche has traversed a length x8 such that

rr® 
adx

V0

rI adx 
aXteJ°

(x8/p)*
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6. Meek’s Equation and Paschen’s Law
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provided that enough density of ionization is achieved to insure 
photoelectrons. Here, since the field and thus X/p varies with 
%, a depends on x and aXt is the value of a at the end of the 
avalanche x8 where great multiplication occurs. This permits 
a more general application of streamer formation to break 
down as will later be seen.

Consider again the plane-parallel gap at the sparking thresh­
old. Since we have values of a/p as a f(X/p) it is clear that, 
given 8 and p, Xs/p can be determined by the values of X/p 
and a/p which satisfy the equation above. The evaluation of 
X8/p can be achieved only by trial and error, but with practice 
it becomes relatively easy as will be shown in chapter iii. A 
solution by Meek gave X8/p = 42.2 (when a = 18.6) for the 
spark in air. This makes X = 32.2 kilovolts per centimeter, 
which is close to the conventional value of 31.6 kilovolts per 
centimeter. More accurate data for Xo/V7 may giye a value 
slightly below tire conventional sparking potential, for the crite­
rion sets the threshold for a spark and conventional values of 
V8 are slightly above the threshold value. However, as stated, 
the criterion that X1 — Xs is in itself only very rough. This 
question, in its relation to the sparking threshold, will later be 
discussed in detail. It suffices here to note that approximately 
correct values of V8 can be computed with no assumed value of 
y and with no arbitrary constants.

It is to be noted that Equation 24 expresses X8/p as a func­
tion of a/p and of p8, except for the term logc 8. In other words, 
except for this term, X8/p is a function of p8. The experimen­
tally observed relation that X8/p, and hence the sparking po­
tential V8, varied with the value not of 8 or p independently, 
but with the product p8, is called Paschen’s law.22 It has been 
tested extensively and verified at lower pressures. It is usually 
assumed to hold at higher pressures, though no careful test has
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been made of it for large values of 8 at atmospheric pressure. 
It is doubtful, in view of the considerable differences used in 
setting criteria for evaluating the conventional sparking po­
tential, with the consequent variation of the values given, 
whether the accuracy of the results of the past is adequate to 
test the question. There is no doubt, however, but that such a 
study should be made, since on its result the proof of this 
theory depends.

As previously indicated, Paschen’s law has been deduced by 
numerous workers in a general way on the mechanism assumed 
by Townsend.23 Its validity rests not on Townsend’s mechanism 
in detail, but on the circumstance that in the theory the coeffi­
cients a/p and y are both assumed to be functions of X/p. The 
physical meaning of the law is that the sparking potential and 
the value of Xs/p are determined by the total number of mole­
cules which an electron encounters in a linear path across the 
gap, i.e., on the number of ions created. For it is on such en­
counters that the number of ions is conditioned and it is on the 
total ion production that the mechanism depends. We are now, 
however, dealing with a new mechanism in which we picture 
as the essential criterion, not the total number of ions formed 
in a linear succession of processes, but the density of ions. This 
density is achieved in a distance of travel 8 without reference 
as to how many secondary electrons are produced, except that 
these must be adequate. If there are gases in which, when 
X = X8, photo-ionization is not adequate, the theory must be 
modified as will later be seen. It is probable, however, that in 
all gases at the value of Xs operative for sparks up to 10 cm, 
enough photoelectrons will be produced. Thus the criterion set 
requiring a certain density of ions produced by primary process 
introduces a new element into the theory irrespective of the 
secondary process. Under these conditions, as pointed out by 
Varney,24 who studied spark breakdown as a result of ioniza­
tion by collision in a gas with positive ion space-charge pro­
duction by ion movement, the use of ion densities instead of
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small deviation from

7,600
760
380

245
31.5
18.0

248
32.3
18.6

249
32.9
18.9

V8 in kilovolt:

5 = 1.0

p5 
mm X cm

The computed deviations are 
of the existing sparking potentials.

7. Comparison of Meek’s Equation as a Function 
of Pressure with Experiment

The curve of sparking potential Va in air against p8 plotted 
to logarithmic scale is shown in Figure 13 using Sanders’ 
values20 of a/p as a f(X/p) up to A/p = 160 in air, and for 
higher values Posin’s data20 on N2 are used. The experimental 
curve shown as dotted is that given by Whitehead2' as the mean 
of the data of a number of workers. Theory and experiment 
agree from p8 = 104 down to nearly p8 = 102 mm X cm. For 
values of p8 100, the calculated values are higher than those 
observed and the deviation increases steadily with decreasing 
p8 and thus with increasing X/p. The deviation becomes not­
able at the values of X/p where the abrupt termination of the 
curves giving an a without a y are being replaced by curves 
with a measurable value of y. In other words, the deviation of 
the theoretical V8 from experiment on the new theory occurs at

numbers of ions formed leads to a 
Paschen’s law.

At low values of p8, where the Townsend theory applies, 
Paschen’s law is strictly obeyed, as numerous investigators have 
found.22’30 The deviations from Paschen’s law due to the space­
charge factor in Meek’s theory are shown in the table below. 
The sparking potentials V8 in kilovolts are calculated for various 
values of p8 and 8. If Paschen’s law held, then the values of Vs 
would be constant for a given p8.

TABLE I
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8. Streamer Formation and Sparking Threshold

It was noted on page 42 that there is some uncertainty in 
the exact value of K to be used in setting Meek’s criterion for a 
spark. This question must now be further studied and is a 
particularly involved one. It comprises: First, the question of

10’ 10’
p8 mm Hg X cm

Fig. 13.—Meek’s V a — pb

just the values of p8 where streamer formation ceases to be 
possible and the Townsend theory of the mechanism of low- 
pressure sparks becomes applicable. This means that as p8 be­
comes very low the space-charge densities of positive ions in ava­
lanches, owing to attenuation of the density of molecules, 
become less efficient in causing spark breakdown than the 
mechanism of Townsend probably because of inadequate photo­
ionization in the gas. At this point, the formative time lags of 
sparking begin to be materially higher than is the case with 
high-pressure sparks, as seen in chapter i. It is not inconceiv­
able that the Meek equation at lower pressures could be fol­
lowed to lower values of p8 by using square wave pulses of 
high potential less than 10’° second long. In these the Townsend 
breakdown would be suppressed and the value of Va would 
continue along Meek’s curve.

i
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the efficiency of the photo-ionization of the gas; secondly, the 
question of statistical time lags and the significance of a thresh­
old value for the sparking potential; thirdly, the effect of con­
siderable changes in the values of constant terms in Meek’s 
equation on the value of X8 or V3; fourthly, the significance and 
reliability of the experimentally observed sparking potentials.

а) As will later be seen, in air except at low pressures and 
for gaps exceeding 10 cm in length at atmospheric pressures the 
photoelectric ionization under sparking conditions appears ade­
quate at tlie fields required to produce die spark when = KX. 
Thus in this discussion one need have no great concern about 
die approximate adequacy of the density of photo-ionization.

б) In die development and progress of die streamer the num­
ber of photons effective for propagation within regions about 
the tip where multiplication is effective is not great. Of the 
photoelectrons produced, the most effective ones will be tiiose 
along the streamer axis within a distance 5 of the tip surface 
such that P adx is a maximum. This is because along the 
axis the fields Xr and X add such that Xa — Xx + X. At a point 
at right angles to the streamer axis at its tip the field is Xp = 
y/Xx + X2. This field is much less and will not be very effec­
tive in feeding the streamer. Since in this region of X/p, a is 
very sensitive to changes in the total field (Xa or Ap), tiiis cir­
cumstance is most important. This may explain why, fox* shorter 
sparks near atmospheric pressure, the spark channels are nearly 
straight.1,10 Here adequate electrons are present along the axis. 
Where paths are longer or the pressure is low, the density of 
photoelectrons is not as great. Hence, the channel may have to 
develop by any photoelectrons produced in the active volume, 
as we shall see. This will increase the chance of crooked or 
branched sparks as is experimentally observed.12

Since there are so few photoelectrons involved in streamer 
propagation, these must be subject to a considerable statistical 
fluctuation in the advance of a streamer. If this fluctuation is 
such at one point of the advance as to give too few electrons,
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i

I

* The indefinite character is, however, not as serious as would seem, since in 
Townsend discharges JF rises very rapidly with Vs as seen on page 23. It is likely 
that in photo-ionization with streamers the chance IV also rises exponentially with 
Vs or K. In this event the variation will extend over values of V too limited to 
observe with certainty.

propagation ceases and the avalanche does not produce a spark. 
Now the larger X19 relative to X, i.e., the larger K, the more 
effective any photoelectrons become. Hence, as K is increased 
the fluctuations due to the photo-ionization are decreased in their 
effectiveness in interrupting the streamer advance. It is thus 
clear that at some low value of K it is possible for an avalanche 
to give a streamer that crosses the gap. It is, however, not prob­
able that one will do so. There are thus, under any given set of 
conditions, values of K below which the chance of the develop­
ment of an avalanche to a streamer is so small that the value 
of K under these conditions constitutes a sparking threshold. 
Above these values of K a greater and greater proportion of the 
avalanches yield streamers that cross the gap as K increases. 
Hence, with a constant number of electrons initiating ava­
lanches, the number of sparks observed depends on K.

From this, one can conclude that for a given number of elec­
trons per second, z0, starting avalanches from the cathode the 
chance of a spark appearing within a stated time interval, T, 
after applying a given potential, Vs (number of electrons 
i T\-A-), depends on the value of K corresponding to that value 

of V8. If one considers that a spark appearing within T = 30 sec 
constitutes a reasonable working basis for fixing a sparking 
potential, then, as we vary the photoelectric current, z0, from 
the cathode, the value of K and Vs must shift correspondingly 
to observe a spark. Thus the statistical time lag of sparking, T, 
the photoelectric current, z0, at the cathode and either the spark­
ing potential, V89 or the constant K in Meek’s equation, are 
inextricably linked together. This would appear to make the 
definition of the sparking potential most indefinite.* And, in 
fact, theoretically this is true. It allows us, therefore, to set as
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a definition of Vs a purely arbitrary condition. For example, 
we might choose as a definition for Va one in which the potential 
would be set as that value of Vs or K which, with a photocur­
rent i0=10-12 ampere, will give an average time lag T of 
say 30 seconds. By convention such a condition could be chosen 
and it may eventually become necessary to set such a condition 
as accuracy of control improves.

c) Despite the uncertainties of this character which apply 
both to the filamentary type of Townsend discharge at low p8 
and to Meek’s equation at high p8, the sparking potentials give 
the illusion of being quite definitely fixed. If one is content to 
accept an agreement between reported values within less than 
3 per cent the foregoing statement is valid. The rather wide 
differences within the 3 per cent limit mentioned have in the 
past been largely attributed to experimental uncertainties, espe­
cially to lack of steadiness of the potential source. This condi­
tion, however, no longer holds and the differences are real. Of 
these more will be said later.

The immediate question at present is how is it that with a 
quantity Xo/\// varying by a factor perhaps of 2 or 3 and a K 
that varies by a factor of possibly 10, the value of Vs observed 
is constant within 2 to 3 per cent? The question is answered 
very simply and the answer has in part been indicated on 
pages 10 and 118 in connection with Townsend’s equation. The 
equation of Meek, as do all equations which involve the cumu­
lative ionization, depends on certain constant, or nearly con­
stant, factors such as K, etc., and a term eaS or eSadx.
Thus small changes in a will compensate for large changes in 
the constants. Furthermore the value of V s comes directly from 
the value of X8/p corresponding to a certain a/p needed to 
satisfy the relation. Now for sparks in the region of atmospheric 
pressure in air, N2 and H2, a/p has the form of eBX/p as Sanders20 
was the first to show. Thus, if p is constant, a increases as eBA/p. 
Accordingly the equations, such as those of Meek or Townsend, 
have constants multiplying into a term egBJ/p. Hence, it takes
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but a minute change in X to compensate for very large changes 
in the values of the constant terms. For example, Meek finds 
that using the same value of we have a value of V8 =
32,200 volts for K=l, one of V8 = 31,800 for K = 0.2, 
and one of V3 = 31,600 volts for & = 0.1. This change in 
Va by a tenfold change in K is less than 2 per cent. The con­
clusion is that the equations are so insensitive to the value of K 
that one has considerable latitude in the choice of K to be 
applied.

Now it is not certain how much difference in K or V8 is 
needed to make the average spark lag T = 30 seconds with a 
variation say of perhaps 101 in the value of iQ or n0, i.e., 

t8 = —777- In a Townsend discharge such a change in W or 

nQ occurs for 0.3 per cent change in V8. Since again a change 
in K affects the field active in multiplying photoelectrons by 
a factor (1-f-^) and since small changes of 1 + K in this 
region cause large changes in a, the changes in K to give ade­
quate ions to insure a streamer need not be too large. Thus, 
while the chance of a streamer forming as one varies i0 may 
vary from 1 to 10‘, the changes needed in K may not need to 
be more than by a factor of 2 to 4 in the region of values con­
sidered. Hence, the actual observed sparking threshold need 
not vary by more than 1 per cent for considerable changes in z0, 
or keeping iQ constant for considerable changes in time lag, T. 
The extent to which this is true is now under investigation by 
Haseltine,28 whose results at present indicate that the changes 
are less than 1 per cent.

d) When one comes to an experimental test of the conclu­
sions above, one is confronted with a mass of data in the litera­
ture from which it is impossible to draw any definite conclu­
sions. V8 in air at atmospheric pressure in plane-parallel gaps 
has been determined by a number of observers, none of whom 
agree by better than 1 to 2 per cent. For sphere gaps the data 
are equally poor. The causes for this may be listed as follows:
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(1) Inadequate control of potential sources in the past.
(2) Inaccuracies in the measurement of the potentials 

applied.
(3) Different criteria as to what spark-lag period to use.
(4) No control whatsoever of the photoelectric current iQ 

at the cathode. These have varied from io = O to an iQ of IO"11 
ampere.

(5) No adequate control of the constancy of the purity of 
the gas or its absolute purity. The presence of water vapor, Hg, 
or of nitric oxides produced by previous discharges in varying 
amounts in air, may alter the value of V8 by far more than the 
3 per cent mentioned above. In fact, as Ehrenkrantz29 lias shown, 
purity control in spark discharge studies, even in pure gases 
like A, H2, and N2 is very difficult. Recent results of Haseltine2S 
for sparks in pure dry air and by Fitzsimmons30 for corona 
streamers in air have shown that a continuous flow of clean dry 
air is needed over a gap to prevent changes of many percent in 
V3 due to nitric oxides.

The effect of nitric oxides in air is to lower the threshold. 
This is due to the fact that the ionization potentials of N2 and O2 
are in the neighborhood of 15.5 and 12.5 volts respectively, 
whereas that of NO is 9.5 volts and other nitrogen oxides are 
still lower. This implies a much higher yield of photoelectric 
ionization when these substances are present, in addition to 
changes in a/p as a f(X/p). Thus, both K, and through changes 
in a and K, V8 can be materially decreased.

In attempting to evaluate the quantity K in terms of observed 
sparking data Meek has, therefore, been considerably hampered 
by the uncertainty as to the values to use. High values of V8 
may mean improper technique, low values may be ascribed to 
impurities. The value 32,200 volts for air at n.t.p. was initially 
assumed. Probably a value of V8 = 31,600 volts is more nearly 
correct. Subsequently the analysis of the sparking between 
concentric spheres and the onset of corona streamers recently 
determined in ventilated paraboloid gaps in dry air by Fitz-
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simmons30 has indicated the value of 31,600 volts to be the 
better jvalue. This makes K = 0.1 if one accepts the value of 
Xo/\// given on page 44 as sensibly correct. For the bulk of the 
calculations so far made, the value of K = 1 has been used. In 
the more recent work the value of K = 0.1 corresponding to the 
newer data has been resorted to. In chapter iii of this book the 
use of both these values is discussed in connection with the ap­
plications of the theory to specific problems.

9. The Effect of Intense Photoelectric or Other Cur­
rents from the Cathode on the Sparking Potential

In discussing the statistical time lags of sparking, it was 
indicated that intense ultraviolet illumination of the cathode 
not only reduced the statistical time lags of sparking but lowered 
the sparking potential of the gap V below the conventional 
value Vs. It was further indicated that this lowering was due to 
the effect of space charges built up by cumulative ionization in 
the gap preceding the discharge. Let us consider a gap at a 
potential V <^VS and suddenly create an intense ultraviolet 
illumination of the cathode surface lasting foi* some 10"5 second 
by means of a light from a condensed spark focused on it with 
a quartz lens. This experiment is precisely one carried out by 
H. J. White31 in 1935 and some months later carried out inde­
pendently by Rogowski and Wallraff.32 Under these conditions 
the gap is found to break down at a value of V some 10 per 
cent below Vs. For a current density j0 estimated as about 105 
times that from the quartz mercury arcs usually used, the maxi­
mum lowering observed at atmospheric pressure was about 
10 per cent. As j0 was decreased V rapidly approached V8. 
The values of the current densities used are highly uncertain 
as are the times of exposure to the current. Thus the quantita­
tive data are somewhat unsatisfactory for calculation.

Now, except for the Townsend mechanism as studied by 
Schade33 at low pressures, the theory of sparking should give 
V8 independent of i0 or Jo except as this is influenced by time
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lags. That is, i0 or /0 has nothing to do with V8 where the spark 
is initiated by avalanche processes set free by one electron. 
Hence, the filamentary Townsend processes at pressures above 
where Schade worked and the new streamer theory both require 
V to be V8 and independent of i0 or /0 where there are no sta­
tistical time lags. The phenomenon observed by White and 
Rogowski and Wallraff thus requires explanation. Rogowski 
and Fuchs34 have developed an elaborate theory of the spark 
based on the Townsend theory. They envisage a space-charge 
distortion produced by the current density, jQ. The theory con­
tains certain assumptions concerning the mobility of positive 
ions of a questionable sort. On the basis of this theory, approxi­
mate agreement with observation, as to the lowering of V below 
V8 by /o, is obtained. It is probable that the considerations of 
Meek35 to be discussed later would yield the same result with 
Townsend’s theory without the assumptions as to positive ion 
mobilities made by Rogowski and Fuchs. For the basic con­
siderations of Meek as regards the effect of /0 in the gap are 
independent of sparking mechanism. In any case, it is clear that 
the phenomenon falls into the region of p8 to which Townsend’s 
theory is not applicable. Thus one may inquire as to whether 
the phenomenon can be brought into line with the streamer 
theory.

Now when V is below V8 for any period of time, the photo­
current z’o will build itself up to its equilibrium value i as given 
by Townsend’s classical theory either with or without a y. The 
time for reaching 99 per cent of its steady-state value, whether y 
is present or not, can be calculated as Schade33 has done, pro­
vided F, p, and 8 are not such as to lead to a field distortion of 
the gap by positive-ion movement. The times will obviously 
be well in excess of 10"° of a second required for positive ions 
to cross the gap. In the event that F, p, and 8 are such as to lead 
to a space-charge distortion of the gap, then one may apply the 
theory of Varney24 to the calculation of the steady-state condi­
tions in the gap, where y is not active. If y were active the
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calculations would become very much involved indeed and no 
solution exists, except that of Rogowski and Fuchs.34 These 
space-charge distortions of Varney, in theory, take infinite time 
to achieve. In practice the field distribution is nearly always 
reached in convenient times. Thus, when a V less than Va is 
applied with a current density there can well be built up a 
space-charge distribution without the influence of a y, as en­
visaged by Varney, which can lead to a streamer formation. 
Meek has calculated the space-charge distortions to be expected 
for various values of V near VS9 using a 1-cm gap and different 
values of /0. From these one may apply the condition for 
streamer formation as given in Equation 25. If then the condi­
tion is fulfilled, a spark will ensue. The involved character of 
the functions even under ideal conditions indicates that well 
below Vs streamers will form that in some cases can lead to a 
spark. Since the criterion for streamers that yield sparks in 
low fields is as yet indefinite, no accurate Va can be fixed. The 
lowering is definitely indicated in considerable measure and at 
relatively low values of /0. Since these are the steady-state field 
distortions, the lowering of V below V8 will be greater than that 
observed by White and Rogowski and Wallraff. There the 
lowering corresponded to the field distortion set up by j0 in the 
10’° second during which the spark illumination permitted jQ 
to act.

Meek also calculated the approximate field distortion and 
the corresponding sparking potential at various values of /0, 
using successive waves of positive ions for successive electron 
avalanches which crossed the gap. For a few waves of these 
positive ions, equilibrium fields were not reached but the time 
of building up the space charges corresponded more nearly to 
the times observed by White31 and by Rogowski and Wallraff.32 
Here definite thresholds can be obtained.

The comparison of experimental data with these theoretical 
calculations shows that: (1) The lowering of Va by /0 is less than 
that observed; and (2) the lowering becomes significant at
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somewhat higher values of /0 than those observed. The cause of 
the first discrepancy was that, in the experimental cases, the 
lowering was due to several waves of positive ions instead of 
to the single wave computed. The failure of the calculated and 
observed values of /0, at which the deviations become notable, 
to agree is in part to be ascribed to the uncertainty in the ex­
perimental estimates of /0. These estimates depend on the meas­
urement of the number of photoelectrons liberated and an esti­
mated duration of spark illumination. They may easily be off 
by a factor of 10. Again the increase in the number of ion waves 
would reduce the value of /0 at which lowering becomes appre­
ciable.

a) Overvoltages.—By overvoltages we mean potentials in 
excess of the value of V8 experimentally observed and termed 
hereafter the conventional sparking potential. The conventional 
sparking potential may possibly be a per cent above the mini­
mum possible value.28 In theory it is the potential at which, 
with a reasonable number of electron avalanches starting from 
the cathode per second, one may expect a spark to occur in a rea­
sonable time, T. If we place T = 30 seconds and z0=10-13 
ampere, this would represent the value of K or V8 at which one 
avalanche in some 2 X 108 resulted in a streamer. As we in­
crease V above Vthe electron multiplication goes up very 
rapidly. Thus an increase of V from V8 = 31,600 to V — 32,200 
increases aea5 by a factor of 10. Hence, the space-charge field 
strength, Xu at the anode for a gap 1 centimeter long would be 
increased tenfold. Such an increase in X± has the immediate re­
sult of making the efficiency of streamer propagation far higher. 
Hence, instead of perhaps one in 108 avalanches leading to a 
streamer and a spark, perhaps one in a hundred or less ava­
lanches succeeds in causing sparks. Thus the first increases in
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potential above the threshold, i.e., even very low overvoltages, 
wipe out statistical time lags. For very short gaps Tilles00 found 
that except at high n0 appreciable overvoltages were needed.

If one increase V still more, the electron avalanche will no 
longer need to cross the gap to give a streamer. With sufficient 
overvoltages this will occur despite the fact that the electron 
swarm at the avalanche tip has not been swallowed up by the 
anode. Hence, in such cases, long before the electron avalanche 
has reached the anode, the streamer has started for the cathode 
from midgap. This produces a sharp axial field distortion along 
the streamer axis and in the field direction. Such a distortion is 
indicated schematically in Figure 14 (p. 60). This enhanced field, 
both at the anode and at die cathode along the streamer axis, has 
an even greater influence on die values of a. Hence, as the midgap 
streamer approaches lengths approximating 8/2, with over­
voltages, the electron avalanches going to the anode from the 
anode end of the streamer and diose started by photoelectrons 
launched from the cathode by streamer photons will build up 
space charges and even streamers in very much reduced dis­
tances of travel. Thus, it would not be strange in overvolted 
gaps when streamers approach lengths 8/2 to see anode 
streamers beginning to form and advancing toward the anode 
end of the avalanche. Likewise the intense fields at the cathode 
can begin to produce a cathode spot. Accordingly the appear­
ance of cathode spots and anode streamers even in the slightly 
overvolted gaps used by Dunnington10 and by White1 in their 
Kerr cell studies of the early stages of spark discharge need not 
surprise one. When, however, these phenomena were first ob­
served their appearance was the cause of considerable concern 
as considered in the light of the Townsend theory. Dunnington’s 
sketches of the sparks as observed in the Kerr cell studies 
within 10"7 second are shown in Figure 12. Most of these were 
made at a p8 in the Townsend regime and developed outward 
from the cathode. In this region Dunnington10 remarks that the 
channels were diffuse compared to those at higher p8. Those
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made at larger p8, however, clearly show the midgap and anode 
streamers and the cathode spot. White1 also notes that for N2 
gaps above 3.5 mm length show the midgap streamers. In He 
the spark is preceded by a glow discharge. That is, in He at 
higher p8, we still have the Townsend mechanism. For the pur­
poses of study all of these gaps were definitely overvolted. The 
growth of a midgap streamer in an overvolted gap is schemati­
cally shown in Figure 15.

Another effect of overvoltage in a gap is a measurable re­
duction in formative time lags. In the gap at V8 the formative 
time lag is the time for the avalanche to cross the gap plus the 
time of the crossing of the anode streamer. The order of mag­
nitude of the time of electron crossing is 5X 10"8 to 10"‘ second 
for a gap of about I cm, and the time of passage of a streamer 
is less, but of the same general order of magnitude (about 
2 X IO-8 second). This is evidenced by the fact that in cloud-track 
pictures9 of gaps the streamer can be caught relatively frequently 
in its passage. Were the time of streamer crossing very fast 
compared to the avalanche the streamers would only rarely be 
observed. In an overvolted gap the breakdown proceeds by 
midgap streamer and a nearly simultaneous anode streamer. 
The electron avalanches do not have to proceed across the whole 
gap and the midgap streamer has to cross less than the whole 
gap. The increased fields also slightly increase the velocities. 
Thus, as White,1 Wilson, and Newman3' have shown, formative 
lags are materially reduced in overvolted gaps. Wilson and 
Newman observed breakdown in the order of less than 5 X 10‘8 
second for gaps with 200 per cent overvoltage.

It is thus seen that overvoltage acts in gaps to wipe out statis­
tical time lags, to cause breakdown by means of midgap, anode 
and even multiple streamers, and materially to reduce the 
formative time lags.

6) Statistical time lags and ionization in the gap.—The 
study of the sparking threshold has already indicated that unless 
overvoltages are used to insure effective multiplication of the
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photoelectrons only a rare electron avalanche will end in a 
streamer and thus a spark. Hence the time required after the 
application of the sparking voltage, K, before a spark material­
izes must depend on the number of electrons liberated in the 
gap, n0, the chance, Pa, that at V an avalanche will give a break­
down streamer (which depends on V — V8) and the chance, PC9 
that tlie electron is so liberated in space that ultimately it can 
lead to a streamer-producing avalanche. The average statistical 
time lag, T, will then be T = 1/nJPJPe.

The quantity, n0, depends directly on z0, the ion or photoelec­
tron current formed in the gap by an external agent, or by agents 
existing after some previous discharge. Let us consider some 
possible values of n0 or z0 occurring under different conditions 
and estimate their effect on the spark lag.

(1) Free air at atmospheric pressure has normally from 10 
to 20 ions produced per cubic centimeter per second by means 
of a particles from the walls, radon in the air, y rays from the 
earth, and cosmic rays. These, together with recombination, 
lead to the permanent existence of some 1,000 to 3,000 ions 
per cubic centimeter.38 For the purposes of most discharges at 
X/p 40 such ions are useless, since X/p must be about 90 
in order to detach electrons from negative ions,39 for negative 
ions do not ionize by impact in gases. Hence, without external 
ionization, the 10 or so electrons created per cubic centimeter 
per second are the only initiating electrons. Now these electrons 
are produced anywhere in the cubic centimeter. For plane- 
parallel electrodes of 1 cubic centimeter effective volume, the 
most propitious case, an electron produced near the anode if 
V ^V8 is practically useless. An electron produced very near 
the cathode will have a good chance of giving a spark. It will 
at once be seen that with n0 — 10, Po 0.01, we must make 
P8 3 X 10 1 to give T the reasonable value of T = 30 seconds. 
This means that V — Va must be rather high. If we make n0 
very much less as for a spark-plug gap, it is seen that V — V8 
may really have to assume very high values. This means that
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even with P5 = l, T must be very long. Edwards and Smee 
record values of (F—V8)/V8 of some 50 per cent or more 
with mean deviations of 30 per cent for small gaps. In fact it 
is surprising that spark gaps in gasoline engines, even though 
operated at considerable overvoltage, fire at all regularly unless 
there are other sources of iQ.

The value of nQ is increased almost in proportion to the pres­
sure of the gas so that higher pressures help decrease the lag. 
As the volume of the gap is increased in air the quantity nQ in­
creases and the lags go down. Thus for sphere gaps of several 
centimeters separation the effect of T is to increase the spread 
of sparking potential to some 7 per cent with the average 
(V — V8) /V8 some 4 per cent. It is thus clear that to get reliable 
values for the threshold of sparking, one cannot use gaps under 
these conditions.

(2) Illumination of the cathode with ultraviolet light fur­
nishes a photocurrent iQ from the cathode. For plane-parallel 
gaps under 10 centimeters in air at atmospheric pressure and 
for smaller-sphere gaps, this source of current furnishes the 
most satisfactory arrangement. Here Pc= 1, and n0 = ioA, so 
that T depends largely on n0 and P8. Using ordinary electrode 
surfaces with a quartz Hg arc focused by a quartz lens, dia­
phragms and absorbing screens, i0 can readily be varied from 
10’1G ampere per square centimeter to 10'12 ampere per square 
centimeter. More intense illumination can be obtained from 
naked condensed sparks.31’32 Here values of i0 estimated at 
10 ° ampere per square centimeter and perhaps more can be 
obtained for intervals of 10"4 or 10'5 second. With 10‘12 ampere 
the value of n0 is 6 X 10° electrons per second. With values 
of the current density from the cathode less than 10“12 ampere 
per square centimeter, for a 1-centimeter gap, space charges will 
not distort the gap before the spark passes. Thus, except for the 
effect of illumination on the statistical time lag, V will not be 
lowered below V8 and measurements of V with T—30 seconds 
will give V8. For longer gaps, values of iQ^> 10-11 ampere per
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square centimeter may lower V below Vs by space-charge dis­
tortion as Meek35 and Varney24 have shown.

(3) Ionization by a or y rays in the volume of the gap is 
sometimes resorted to. In this case the quantity n0 is distributed 
through the gap volume. Hence, for many sparks Pc is far less 
than 1. The values of n0 usually achieved are less than with 
ultraviolet light. In many cases 3 to 5 mg of radium will give 
y radiation enough to yield reasonable values of n0. For sphere 
gaps the radium is placed inside the sphere in a hole going 
nearly to the surface of the sphere and separated from the gap 
by as thin a layer of metal as possible.41 This makes the ioniza­
tion a maximum without distorting the field. The values of the 
current, i0, under these conditions will not be much above 10"1*’ 
to 10'14 ampere at most. Thus time lags may be considerable, 
leading to high values of V.

It must be noted that with Ra the ionization n0 is not distrib­
uted uniformly in time as with light. For in 10'8 second one 
a particle or y ray liberates 104 or 102 ions with no more until 
the next particle arrives. These bursts of ionization may be 
spaced with considerable time intervals between. Thus the real 
n0 will be given by the number of a or y rays per second.

There is one case where theory indicates that ionization of 
the gas in a gap near the anode is the most favorable region for 
reducing Pc. This is in sphere gaps where the gap length is large 
compared to sphere radius. In this case avalanches from the 
cathode sphere do not cross the gap. The breakdown proceeds 
as a streamer from the anode. To initiate such a streamer the 
n0 electrons, to be in a position to be effective, must be created in 
the gas a few millimeters or a centimeter from the anode. Elec­
trons in this position give the avalanches that form the streamer.

(4) There are many cases, especially for gases confined in 
vessels, where the statistical time lag, T, will be very large until 
the first spark has passed. Thereafter this time lag may become 
small33 or even go to 0. The effect is greatest in He and Ne but 
can occur in all the inert gases, in N2 and H2, and possibly in
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all gases. This phenomenon may be due to a rather large num­
ber of causes. Where metastable atoms are present these can 
persist up to seconds. They disappear in part by collisions with 
walls, electrodes, atoms, or molecules of lower ionizing poten­
tials. In many cases these reactions liberate electrons or photons 
that can liberate electrons. In electrodeless discharge in some 
cases chemical products are formed which can be frozen out in 
an activated state by liquid air.42 As they warm up they emit 
light and doubtless produce ions. Chemical reactions in gases 
liberate photons and sometimes electrons. These can all furnish 
the electrons for starting a discharge some time after the dis­
charge created them. Active nitrogen can produce excitation 
and ionization of impurities of ionization potentials below 7 
volts as much as 20 seconds after formation. These photons can 
cause photo-ionization in the gas or at the electrodes. The ions 

on dry glass walls of a discharge 
can be released by surface leakage on the outside of a 
as Locher43 has shown, and may later liberate an electron 
an electrode. Finally Paetow44 has shown that specks of

occluded but not neutralized 
tube 
tube, 
from
oxide of submicroscopic size on an electrode surface can be 
charged by ions or photoelectric action by previous sparks. 
These form small units 10-u cm) of enormously high po­
tential difference with the surface on either cathode or anode. 
The fields across these specks may suffice to cause local sparks 
through the specks of dielectric, to cause high-energy photons 
to be emitted on neutralization or decay as do the phosphores­
cent zinc sulfides, or even to cause a local field emission of 
electrons. These effects will last minutes after the first discharge. 
They are particularly bad with supposedly clean surfaces with 
insufficient outgassing, or with dust of MgO, A12O3, etc. They 
can be removed in He and Ne only with the most rigorous clean­
ing and outgassing. Again, if surfaces are hot and have low 
work functions (such as some spark-plug electrodes), enough 
thermionically liberated electrons may leave the electrode to 
insure a spark. Initiating electrons may also come from fine
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points in the field if high enough. These factors are often for­
gotten in the study of discharges. They undoubtedly contribute 
to the operation of spark plugs in internal combustion engines 
and are thus of value. On sparking and time lag studies they 
must be guarded against at all times.

It is seen that in the case of the streamer mechanism one can 
readily account for the presence of statistical time lags and 
indicate the fashion in which these may be controlled. These 
considerations also throw much light on the significance of 
sparking potential data taken under various conditions. With 
Townsend’s theory where the breakdown operates by means of 
a filamentary channel the considerations above also apply. 
They do not apply to the Townsend form of breakdown observed 
by Schade33 to nearly the same extent.

c) Branched and crooked spark channels.—From what has 
been said of the chance nature of photo-ionization near the tip 
of the advancing streamer, owing to the relatively small number 
of photoelectrons created, it is clear that this leads to spatial as 
well as temporal fluctuations. With ample photo-ionization 
about a streamer tip the sensitive volume for streamer advance 
about the field axis ahead of the tip will have adequate elec­
trons. The streamer advance will then be fairly well along the 
axis in the field direction. Where, however, the photoelectric 
ionization begins to be inadequate, then photoelectrons from 
other parts of the volume ahead of the tip will also be utilized. 
Under such conditions the less axial electrons bring in ava­
lanches that tend to divert the advance of the streamer along 
their direction of advance, which is that of the vector sum of 
die fields Xi and X. If a particular avalanche feeding in from 
a more radially created photoelectron happens to be especially 
long and intense, the advance will, for a while, proceed along 
that streamer. If two strong avalanches feed into the streamer 
tip simultaneously, then the tip will be branched. In many cases, 
branching will reduce ionization so as to stop streamer advance; 
in others, one branch or both may succeed in crossing the gap.
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The conditions for branching and crooked streamers can 
thus be determined from circumstances which produce inade­
quate density of photo-ionization. These conditions, as will be 
seen, are low pressures, long gaps, and the use of certain gases. 
Allibone and Meek12 found a distinct increase in branching 
when pressures were reduced in longer gaps. The effect of 
long gaps in producing crooked and branched sparks has long 
been known. In these, the attenuation of density of photo-ioniza­
tion is caused by electron diffusion in the avalanche path and 
to the reduced values of Xs for the longer sparks. Gorrill45 has 
observed considerable branching in the corona streamers in the 
regions of weaker fields. Unfortunately, little is known about 
the photo-ionization in CO2 and hence the reason for branching 
in this case is largely conjecture. Photographs of crooked and 
branched sparks are shown in Figures 16 and 17. A schematic 
diagram of branching in streamer formation is shown in Fig­
ure 15. Actual photographs of cloud-track streamers are shown 
in Figures 8 and 9. Figures 8 and 9 give cloud-track photo­
graphs of Raether9 showing branching of streamers and crooked 
streamers.

d) Some properties of breakdown streamers.—There are no 
direct observations of breakdown streamers except those by 
Kerr cell shutter,1,10 showing simultaneous midgap and anode 
streamers, and the cloud tracks of Raether.9 The overvolting of 
Kerr cell shutter gaps made observations of the anode streamers 
alone impossible in the studies of Dunnington10 and White.1 
Raether’s photographs2,9 of avalanches are exceptionally clear. 
Using impulse waves of potential of different duration, Raether’s 
photographs giving the velocity of advance of, and the electron 
diffusion in, the avalanches are invaluable for the theoretical 
analyses needed in a quantitative study. When it comes to a 
study of the avalanches in higher fields and the transitions of 
these to streamers by cloud-track photographs the situation be­
comes very complicated. The intense ionization and the multi­
plication of photoelectrons about the discharge in the portions
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of the declining potential wave make the photographs so diffuse 
that they are unintelligible. Analogous situations were en­
countered by Gorrill45 in his cloud-track studies of corona. By 
reducing his expansion ratios to a point where condensation set 
in only on the chemical products in the more intense regions 
of the avalanches and streamers, Raether9 got the tracks of the 
streamers shown in Figures 8 and 9. Even these are far from 
satisfactory.

It is seen, however, that the breadth of the streamer tracks 
are slightly larger but of the same order of magnitude as the 
heads of the initiating avalanches. In the case of White1 and 
Dunnington’s10 midgap streamers, the widths can be seen to be 
of the magnitude of spark channels. It should be noted also that 
these streamers emit sufficient light to be photographed. Aside 
from this, we have no direct evidence concerning the streamers 
in spark discharge.

The study of positive point-to-plane coronas by Kip8 has re­
vealed the presence of streamers and allowed quite a bit to be 
inferred concerning tlieir properties. They originate when the 
fields at the positive electrode fulfill Meek’s condition for 
streamer formation in air. Positive space charges about the 
point, from preceding streamers or burst pulse corona, reduce 
the fields about the point so that streamer formation cannot 
occur. The pre-onset streamers range from a few millimeters 
to a centimeter or two in length in short gaps. The pre-onset 
streamers, therefore, do not normally cross gaps which exceed 
1 cm length. Where they cross to the anode they have a high 
probability of making a cathode spot and giving a spark. At 
higher fields where space charges are cleared from the point 
and where the lowering of the field near the point by space 
charge is overcome by the added impressed potential, streamers 
again appear. At slightly higher fields these cross the gap and 
then lead to sparking. The pre-onset streamers can be started 
in a cleared gap by a single electron.0

The streamers in air are visible to the dark-adapted eye as
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fine bright blue processes that quickly disappear. Their extinct 
tracks lead to local fields giving a lavender or purple glow dis­
charge.40 The branching of the streamers, which is not visible 
to the naked eye but is revealed by cloud tracks and streamer 
photographs in mass, causes them to have a brush-like appear­
ance. Single streamers cannot be photographed by a fast Leica 
camera with ordinary film. They were photographed as midgap 
streamers by White1 and Dunnington10 with special optical ar­
rangements and plates. Some 40 or more streamers in a con­
fined region can, however, be photographed. Spectroscopic 
study with a small quartz-prism spectrograph revealed largely 
the conventionally observed glow discharge spectrum in air. 
The bright blue of the streamer, however, indicates the presence 
of high tip fields and the presence of the spark spectrum of N2. 
The purple haze represents the arc lines of air and N2 due to 
excitation by electrons in the fields of extinct channels.

The streamers produce a large electrostatic disturbance8 and 
are capable of shock-exciting neighboring systems, owing to 
considerable values of di/dt of the order of 0.1 ampere per 
second. They cause the noisy corona discharge which is so 
troublesome in radio reception.

In the spark-streamer channels, behind the advancing head 
of the streamer tip, there is a conducting plasma of positive ions 
and electrons. During the short time of advance in the usual 
gaps the electrons remain free and there appears to be little 
recombination. Whether there are any high-potential gradients 
down this channel of plasma is doubtful. There may be some 
fall of potential maintaining a small current of electrons to the 
anode. The fall cannot be great since the potential gradient at 
the tip must be maintained. That there is some current follows 
from the fact that the plasma must be neutral electrically. Now, 
ahead of the tip all photoelectrons and their progeny leave be­
hind positive ions that will later be incorporated as part of the 
streamer channel plasma. On the other hand, photoelectrons 
at some distance from the axis channel may be drawn into the
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tip, leaving their positive ion partners outside of the future 
plasma-streamer channel. Hence, more electrons enter a streamer 
than positive ions. These excess electrons constitute a current 
up the streamer to the anode. It may be considerable in some 
cases. One may regard the streamer mechanism at the tip some­
what as a potential wave propagating itself in the gas in the 
field direction by means of advance photo-ionization and elec­
tron multiplication. It leaves behind a filament of conducting 
plasma with a small gradient extending to the anode.

In the oscillograph the corona streamers produce a consider­
able disturbance when inductively picked up.8 The disturbance 
is due to sudden changes in charge distribution in the static 
fields about the point. The time of transit of the ions produced 
by streamers has been measured across the low field portions 
of the gap6 and corresponds to what would be expected of a cloud 
of positive ions in such gaps, being of the order of 10"3 second. 
The pre-onset corona streamers, it must be remembered, do not 
cross the gap and thus yield a positive space charge in the gap 
after the electrons are removed. The number of positive ions in 
such streamers, after the electrons have gone to the anode, has 
been determined by Kip from the oscillograph records as lying 
between 10° and IO10 ions per centimeter length of streamer.0 
The diameter of the streamer channels is visually less than the 
10"2 cm calculated for the 1-cm gap with a uniform field from 
Raether’s data.2 This is doubtless because these streamers form 
in intense field regions of short length where diffusion is small. 
Thus, while streamers in a 1-cm gap in air may have a radius 
of 1.5 X 10"“ cm, in the corona they may be more nearly 
0.5 X 10"“ cm. The ion densities in these streamers are of the 
order of 1013 to 1014 ions per cubic centimeter. The time for the 
corona streamers to develop is exceedingly short. They can 
well be less than 10"7 second.

When a streamer attached to the anode by a conducting fila­
ment of plasma approaches the cathode and is suddenly met by 
a stream of electrons from the cathode spot, a potential wave
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11. The Spark Breakdown in Long Gaps

As has been amply seen, there is a lower limit of p8 below 
which the streamer mechanism, owing to insufficient density 
of photo-ionization, is replaced by the more efficient Townsend 
mechanism. One may next inquire as to whether there is not 
an upper limit of p8 above which the streamer mechanism and 
Meek’s equation do not apply. The question is not an idle one, 
since, in long sparks in air12 and in lightning discharges,11 one 
observes not only streamers from the positive electrode, but what 
appear to be streamer-like processes emanating from the cathode

of negative sign sweeps up the pre-ionized channel with its 1013 
ions per cubic centimeter. The velocity of such a wave can be 
estimated on classical grounds but on account of its difficulty 
has not as yet been attempted. It depends on the ion density. 
In the case of lightning discharge the velocity of the return 
stroke has been measured as close to IO10 centimeters per 
second.11 In the spark channels it can be of an equal magnitude. 
If the gradient is sufficiently steep in this wave it multiplies the 
density of charges by causing each electron to multiply itself 
many times by collision. Thus the return stroke after the 
streamer has reached the cathode sweeps up the pre-ionized 
channel at high speeds multiplying the ionization and excitation 
by many fold. Then follows a further flow of the electrons up 
the channel equalizing the charges between the electrodes and 
ionizing the channel until the potential difference between the 
plates begins to fall. This process produces the brilliant and 
noisy phase of the spark. The process continues for perhaps 
some 10“c to 10“5 second, depending on the circuit conditions. 
From the Stark effect broadening of the Zn lines in the later 
stages of the spark Dunnington10,47 estimates the final ion densi­
ties in some of his overvolted sparks as being as high as 1019 
ions per cubic centimeter. Thus the transition from a filament of 
streamer plasma into an intensely noisy luminous spark can 
readily be understood.
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or negative cloud masses. The appearance of such negative proc­
esses seems at first sight to be incompatible with the mechanism 
of breakdown thus far presented. It will, however, appear on 
more careful study that such processes are not only not incon­
sistent with the streamer mechanism, but that they are in fact 
dependent on it. Thus it is clear that the matter requires further 
analysis. To do this one must at first review existing knowledge 
concerning sparks in long gaps.

Plane-parallel gaps have thus far been investigated for 
values of p8 only up to about 101 mm X cm with steady poten­
tials. The steady high potentials, as well as the large plate areas 
needed for such studies, have not until recently been available 
for convenient study. What data we have on hand include gaps 
up to 10 cm at atmospheric pressure and smaller gaps up to 20 
atmospheres. Paschen’s law appears to be obeyed to within 
3 per cent, which is the limit of experimental accuracy. At 
higher densities, where density p is not proportional to pressure, 
the law must be tested in the form Vs = F(p8).

There is a wealth of data on sparking potentials for air at 
atmospheric pressure using 60-cycle alternating potentials, 
especially on short-sphere gaps with large electrodes. There is 
also one set of data with A.C. potentials on a large plane-parallel 
gap.48 In theory and to some extent through experiment, the 
60-cycle A.C. sparking potentials should not differ much from 
the steady potential values unless corona precedes breakdown. 
The best data of interest is that on large-diameter spheres placed 
at gap lengths small compared to their diameter, i.e., approach­
ing the parallel-plane arrangement. The values of various ob­
servers are pretty well in agreement here and the values may 
thus be reliable. The values of V8 should, for such gaps, lie near, 
but if anything slightly below, the values of plane-parallel gaps. 
Ishigura and Gosho18 made a study using A.C. on a poorly con­
toured plane-parallel gap of 6-meters diameter and up to 60- 
centimeters maximum gap length. Their values for V8, however, 
lie well below the sphere gap data. This causes one to question
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their data. The validity of their data is completely ruled out, 
however, when one calculates the sparking field, XB for their 
50-centimeter gap as being 12,000 volts per centimeter, a value 
at which Townsend’s a has immeasurably small values. Were 
the conditions for long gaps the same as for shorter ones, their 
value of would be 1,100,000 volts instead of the value 
640,000 volts observed. Of the character of these A.C. results 
more will be said at the appropriate place. Suffice it to say that 
our data on steady D.C. potentials is limited to values of 
p8 — IO4 mm X cm and that there are data that might be 
equivalent which are fairly reliable out to about 20 centimeters 
on sphere gaps with alternating current.

While the curves for V8 with steady potentials plotted against 
p8 appear to give a linear relationship at high values of p8, this 
relation is an illusion resulting from the scale of plotting. In 
reality all curves for V8 plotted against p8, starting from above 
the minimum sparking potential, rise more rapidly than p8 at 
first and gradually flatten out. Thus at higher p8 their slope is 
less than that of the line drawn from the point through the origin. 
Up to the limit of the present observational data with steady 
potentials, the slope of the curve is still decreasing, at, however, 
a low rate. With the sphere gaps which are equivalent to plane- 
parallel gaps using alternating current potentials, the slope of 
the curve at 8= 15 cm at 760 mm increases so that the curve 
tends to extrapolate through the origin beyond 8 = 20 cm. The 
fields with larger spacings are no longer uniform. Curves which 
have tangents intercepting the axis of ordinates above 0 at high 
p8 are given by Meek’s theory. They are also given by Town­
send’s equation fitted with an empirical y as mentioned on 
page 10. This latter agreement is entirely fortuitous.

The trend of V8 with p8 means that the sparking potential V8 
is increasing more slowly than p8. This circumstance may be 
more clearly illustrated by plotting the sparking-field strength 
V8/8 = X8 at constant p against 8. Under these conditions it 
will be seen that the very important parameter X8, the sparking-
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field strength, falls at first rapidly with 8 and then more and 
more slowly. An analogous result is obtained if Vs/p8 is plotted 
against p8. This is shown in Figure 18 where V8/p8 = X8/p is 
plotted against p8. The quantity Xs/p decreases at first rapidly 
and then more slowly, reaching a value of about 33 with X8 
about 25,000 volts per centimeter, at the largest values of p8 
observed in plane gaps. How much below this the values fall 
as p8 increases beyond the present data in plane gaps with 
steady potentials, one cannot say. The sphere-gap data with 
alternating current shows a decrease to a value of 3—15 cm at 
atmospheric pressure. Thereafter the slope increases, tending 
to a value that passes through the origin beyond 8 = 20 cm.

The course of the trend of the sparking-field strength below 
8 = 15 cm at atmospheric pressure is to be ascribed to the ex­
ponential increase of the electrons in an avalanche and the 
nearly exponential increase of a/p with X/p in this region of 
X/p. Such a trend can be expected as long as Meek’s theory is 
applicable in the form given and is a consequence of the char­
acter of the equation.

It is thus clear that if there is a change in trend of the V8 — p8 
curve at longer gap lengths it will be related to a failure of 
Meek’s equation for the spark at larger values of p8. Hence it
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It is seen that the increase of the denominator as 8 increases is 
small compared to the exponential term above. Thus it is not 
surprising to find on calculation that even for the longest gaps 
down to the lowest values of a, condition 1 is satisfied.

6) One must now inquire as to the density of ionization 
necessary for the development of a streamer. For it is here that 
one can run into difficulties. The reason lies in the fact that as 8 
increases at constant p the lowered values of X8 reduces the 
value of a needed. Hence, while large numbers of ions can be 
produced by a large 8, even when a is low, the rate of produc­
tion of photons along the track with the low value of a and large 
r is continually decreasing. It is thus not inconceivable that

^ = 5.27X10 
P

e<a/p)p6

is necessary that we examine the influence of long gaps on the 
conditions essential for the fulfillment of Meek’s sparking cri­
terion. These conditions, one may recall, are (1) that the 
avalanche must be of such a length x — 8 that the space-charge 
field -Yx set up by an avalanche equals K times the impressed 
field; and (2) that at this time there must be enough density of 
photo-ionization about the streamer tip to insure propagation.

a) If the necessary length 8 of the gap is less than the path 
length x to make Xr — KX> the avalanche can produce no spark. 
If % = 3, the avalanche crosses the gap and a spark follows. If 
x 8, then the avalanche achieves a midgap streamer and the 
spark may follow. Now, owing to the cumulative nature of 
electron multiplication in an avalanche, it seems unlikely that 
by increasing 8 one cannot achieve a value of the space charge 
sufficient to make Xt = KX. The one condition opposing an 
ultimate fulfillment of this is by electron diffusion at a rate of 
r = \/2Dt. The effect of this term on Meek’s criterion is to put 
the expression (8/p)% in the denominator of the equation
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eventually the photon production near the positive space charge 
may become inadequate for the propagation of a streamer. One 
must then consider the photon and ion density necessary for 
streamer production.

12. Photon and Ion Densities Necessary for Streamer 
Propagation

About the photon production and the photoelectric ionization 
in electron avalanches, we know virtually nothing. Although at­
tempts at such a study are under way in the Berkeley laboratory, 
the problem is technically such a difficult one that its solution is 
not near. It is certain that there are many more photons produced 
by electron impact than there are ions. The ratio between the 
number of photons and the number of ions produced changes 
with the average electron energy and thus with the value of X/p. 
At lower X/p the photon/ion ratio is much larger than at large 
X/p. However, the number of photons capable of photoelectric 
ionization in the gas is low at low X/p and rises as X/p in­
creases. Even though we do not know the ratio of these two 
quantities we can be sure that there will be a fairly close relation 
between the photon density and the ion density at any given 
region of values of X/p. Thus one can use the ion density as a 
criterion for estimating the density of production of photons 
photoelectrically active in the gas. This is particularly true as 
the photon/ion ratio will not materially change in the range 
of X/p from 35 to 25 in which we are interested, especially 
since photoelectrically active photons in the gas are more effi­
ciently produced at higher electron energies. Now, the only 
streamers about which we have any knowledge as regards ion 
densities are the corona streamers studied by Kip.c Here the ion 
densities are of the order of 1013 per cubic centimeter for the 
whole streamer. It is doubtful if the ion density is as high in the 
tip of a spark streamer. It is still more doubtful that this repre­
sents the minimum density necessary for propagation. This 
datum, therefore, does not give the needed information.
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Thus one can make a table of values of TV appropriate to any 
gap length 8 and pressure p for which Meek’s equation holds.

It is of interest to combine these two equations in order to see 
how N must vary with p and 8 in the limits where Meek’s equa­
tion holds. Combination leads to the relation

4
KXS = — ire

3

2SX0 

3p\7f.
If p is low as at the point where the Townsend equation begins 
to replace the streamer mechanism, then if 8 is not too low, the 
value of TV becomes relatively small. This merely means that at 
a low pressure p, increasing % to 8 to get a spark results in a re­
duced ion density TV. If TV is reduced below some critical value 
TV0 needed to insure photo-ionization for streamer propagation, 
there will be no streamer. If p is higher, the value of 8 at which 
the density TV reaches TV0 will be greater. Thus, at any given 
pressure, such as atmospheric pressure, there will always be a

aeax
irr2

I

II
sx0

pV7/
with the values of p and 8 set. This solution gives not only X8 
but the value of a appropriate to the gap. From Xs and 8 one 
fixes the value of r from t = 8/vx and D. The ion density given 
is then found at once from the relation

It is possible to achieve more information from a study of 
Meek’s equation. We are, by it, in a position to calculate the ion 
densities at the streamer tip for any p and 8 that are compatible 
with Meek’s theory. To do this one solves the Meek sparking 
equation

4*aea5

X1==KXS=-------------
/ 2
1010- • 

\ 3
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value of the gap length, 8 = 80 at which N is reduced to Nq. At 
pressures p well above 760 millimeters the value of 80 at which 
N = NQ may be considerable so that Meek’s equation will hold 
for very large gaps. It is, therefore, essential to establish the 
value of Nq.

Since we have no other basis for fixing the value of /Vo, we 
may proceed as follows. The reason why, at low p8 — 200 in 
air, the streamer mechanism is replaced by Townsend’s mecha­
nism with a low y is that at this value the density of photo-ioniza­
tion is too low for certain streamer propagation. Hence, we can 
choose as a working value for No the value of Nq at which at 
p8 200 die Townsend mechanism replaces streamer forma­
tion. This value computed as above is /V0 = 6.9 X 1011 ions 
per cubic centimeter. Now at p = 760 millimeters, Meek’s 
equation still holds at 8 = 10 centimeters. The value of N 
at diis point is 8.8 X 1011 ions per cubic centimeter. For a 
gap of 8 = 15 centimeters, at 760 millimeters pressure, 
A = 7.2 X 1011 ions per cubic centimeter. This value is fairly 
close to the lower limit Nq = 6.9 X 1011 ions per cubic centi­
meter at p8 200. Thus, we will arbitrarily choose as die 
critical limiting density for streamer formation an ion density 
Ao of 7 X 1011 ions per cubic centimeter.

An interesting consequence of this reasoning is that, while 
as usually studied on gaps with 8 — 1 centimeter Meek’s equa­
tion fails and gives way to Townsend’s mechanism at p8 200, 
the value of p8 for this phenomenon will not always be 200. For, 
if we decrease 8, die value of p at which (8/p\^N permits the 
same limiting No will also be decreased. Thus, the (p8)0 for 
which TV = /Vo will be smaller at shorter gap lengths than at 
longer ones. Hence, Meek’s equation and the streamer mecha­
nism will persist at lower values of p8 the shorter the gap. This 
condition will, however, be limited by the efficiency of the 
Townsend process as p8 varies. We can then proceed to state 
that at 760 millimeters there is a gap length 8 — 15 centimeters 
at which we can again expect streamer formation to begin to be
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uncertain. The value of the sparking-field strength at 80 and 
p = 760 millimeters is Xs = 24,000 volts per centimeter.

Adopting tliis situation, one must conclude that at 760 milli­
meters pressure, for gaps exceeding 80 15 centimeters, Meek’s
sparking criterion ceases to apply and that something is hap­
pening to the V8 — p8 curve at this point. Now it is precisely in 
tliis region that our only data on longer gaps at atmospheric 
pressure with alternating current in large-sphere gaps shows a 
change in slope of the Vs — p8 curve. With this situation in 
mind we may try to formulate a new sparking criterion or 
mechanism for long sparks. Since, with different pressures, the 
value of 80 for which N = NQ will vary, we will proceed to 
formulate the theory on a more general basis applicable to any 
pressures.

13. Sparking Criterion for Long Sparks

To establish the sparking criterion one may proceed as fol­
lows. It will be assumed that sparking in long gaps still depends 
on streamer formation. However, for large values of 8 it is 
clear that the ion densities at the head of the avalanche will fall 
below the critical value, No, adopted for air near atmospheric 
pressure as N0 — 7 X 1011 ions per cubic centimeter. Hence, 
the condition that the avalanche cross the gap and produce a 
positive space-charge field Xr = KXs at 8 cannot be applied. 
Thus the sparking-field strength cannot be calculated from 
Meek’s equation. What must take place as one reaches such gap 
lengths is that the spark will require values of X8 greater than 
those computed by Equation 24. Assuming that streamer forma­
tion requires a minimum concentration we can compute a 
field strength X8o and path length 80 which satisfy Equation 24 
for a given p and when applied to Equation 17 give a concentra­
tion N = No = 7 X 1011 ions per cubic centimeter. The calcu­
lation of the values of X8o and 80 satisfying these conditions can 
be achieved only by trial and error. Thus one selects a value of 
8 at a fixed p and from Equation 24 and a/p as a f(X/p) evalu-
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ates X8. From these data, a, x = 8 and r in Equation 17 
fixed and N evaluated. One may then plot N as a 
evaluate the point 80 for which N = N0. From 8o 
evaluate X8o.

With this information it is clear that at p, for values of 8 
greater than 80 a streamer cannot form unless X8 = X8o. In this 
case the avalanche will progress to 80, a streamer will form in 
the gap and progress back to the cathode, allowing the avalanche 
to proceed anew as will be seen in detail later. Hence, for gaps 
longer than 80 the value of X8 will not decrease for increasing 8 
as before but will assume a higher value XS9 adequate for 
streamer propagation. The value of XSo and 80 will change 
with p. The sparking potential V8 will then no 
by X8 but instead will be given by Vs = XSo8.

The effect of this change on the characteristic curve for spark­
ing will then be as follows. At low values of 8 for a constant p 
the slope of the sparking curve dV8/d8 is greater than XSo as is 
well known. The slope gradually decreases until, in conformity 
with Meek’s theory in a limited range, it is slightly less than X8o 
for air. As the gap length approaches and exceeds 80 the slope 
must again increase up to X8() and then remain constant. The new 
values of V8 above 80 must lie on a line of slope (dV8/d8)Q = X8(i, 
and this line must pass through the origin. This is shown sche­
matically in Figure 19, where V8 is plotted against 8.
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This change in the slope of the curve near 80 will doubtless 
be gradual. So far no curves of this character have been ob­
served for plane gaps at steady potentials. It is, however, pre­
cisely what is observed in the case of the sphere gaps where, at 
760 millimeters, 8 15 centimeters. The difficulty of obtaining
long gaps with uniform fields has in the past precluded the 
necessary measurements in regions where the change could be 
observed. That tliis is so can be seen by computing the values 
of XSo and 80 at a few values of p. They are shown in Table II.

TABLE II

It is to be noted that the values depend somewhat critically on 
the value of No chosen and are not to be regarded as more than 
orienting magnitudes.

It is seen that above atmospheric pressure Meek’s theory is 
applicable to almost any measurements we are able to make. 
At atmospheric pressure it is applicable beyond any measure­
ments made to date. Below atmospheric pressure the change in 
the curves is open to experimental study. This has not been 
undertaken until now because no one thought it worth while to 
study long gaps at lower pressure. Such a study is now in 
progress in the Berkeley Laboratory.

The influence of the new sparking criterion on Paschen’s 
law is to introduce a further deviation beyond that inherent in 
Meek’s theory. This deviation is one which increases V8 by an 
increase in 8 more than by an increase in p at such values of 8 
that Meek’s law holds at the higher p and not at lower p. The 
deviation in any case will not exceed a few per cent.

It will thus in what follows be assumed that for gaps in ex­
cess of 80 in length, at any pressure, the Meek criterion is no
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longer applicable; that sparks progress by avalanche advance 
and retrograde streamers; and that the sparking potential 
is given by V8 = XSo3. For air at atmospheric pressure 
Nq = 7 X 1011 ions per cubic centimeter, 80 — 15 centimeters 
and X8o = 24,000 volts per centimeter. With this assumption 
one must now analyze the retrograde streamer mechanism.

14. The Mechanism of Avalanche-Retrograde-Streamer 
Advance in Long Gaps

At atmospheric pressure, if X is less than XSo, or 
but 8 is less than 80, avalanches will leave the cathode and 
the gap. No streamers will form and the 
dorvn. If X = X8o and 8 = 80 avalanches cross 1 
ers form at the anode and breakdown is possible. If X = X8o and 
8 is greater than 80 breakdown will occur. The sparking poten­
tial V8 will be fixed by ASo8 but the avalanche will not cross 
the gap at once. What will happen is that the avalanche will 
advance to 80. At this time a streamer will propagate in the 
retrograde direction back to the cathode at a speed of some 10s 
centimeters per second. Before it is well advanced, the positive 
space charge at 80 will exhibit some retarding action on the 
advance of the electron cloud until the incoming electrons up 
the streamer channel reduce the positive space-charge field. 
Once the streamer tip reaches the cathode and the supply of 
electrons runs up the channel, making it a conducting filament 
of plasma, the negative electrode will have extended itself to 
the distance 80 in the midgap. In the meanwhile the avalanche 
has again begun to proceed at its normal velocity until it 
reaches a distance 80 + 8i from the cathode.

The condition for streamer formation is that with X8o fixed, 
the electron avalanche or avalanches proceeding from 80 must 
advance a distance 8i such that the combined space-charge den­
sity at the end of 8X is NQ — 7 X 1011 ions per cubic centimeter. 
Now at the cathode there was one electron initiating the ava­
lanche. Hence, the value of 8j = 80. After the first advance of
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80 there may be more than one electron in the electron space 
charge so placed that it progresses in the field Xao to multiply 
effectively and thus lead to the density 7V0 needed for a streamer. 
In this case with n such electrons the distance 8i traversed be­
fore the second streamer completes this channel will be fixed 
by NQ = naea()1/'TTr2. Hence, the later distances of avalanche 
travel before retrograde-streamer formation will not of neces­
sity be 80 but distances 8X. This circumstance will merely 
have the effect of making the distances of avalanche progress 
between streamers shorter, thus only reducing the value of r. 
After advancing 80 + 8x the avalanche again suffers some re­
tardation, while a new streamer advances toward the cathode 
from 80 8! to join the filament of plasma with its tip at 80.
This continues until the avalanche approaches the anode, when, 
as is the case in the overvolted gap, the anode streamer finally 
closes the gap, giving breakdown. If in such a long gap an 
electron is initially created in midgap, as is usually the case 
for long sparks, then after traversing the distance 80 toward the 
anode the avalanche pauses while the streamer not only propa­
gates backward the distance 80 but proceeds all the way back 
to the cathode; from then on it proceeds as before.

The breakdown process is thus seen to be essentially an 
avalanche advance combined with a streamer action. It is thus 
in keeping with the streamer theory of spark discharge and is 
in fact a modified streamer theory. It yields, however, a dif­
ferent value of the sparking potential than that given by Meek’s 
criterion. This follows since streamer formation is limited by 
the decreased ion densities involved. This in turn requires a 
fixed field strength X8(t so that one computes the sparking poten­
tial on a different basis.

The streamer propagates in a retrograde direction with an 
initial diameter equal to the value of r given by the avalanche 
cross section at 80 or 8X. It may spread somewhat as a result of 
the ionization by the incoming electron avalanches. The low 
diffusion coefficient for positive ions in the 3 X 10’7 second of

i

I



84

(25)
%

1010

15. Sparks in Long Gaps with Nonuniform Fields

In nonuniform fields the equation for streamer formation 
is the modified equation of Meek, which takes into account the 
fact that the field strength X and hence also a varies ovex* the 
gap. This equation reads

THE MECHANISM OF THE ELECTRIC SPARK

retrograde travel to the cathode, however, keeps the channel 
relatively narrow. The electron avalanche cloud is by its rapid 
diffusion tending to broaden the channel as it advances. On 
the other hand, the strong axial component of the space-charge 
field of the positive streamer tip and of the avalanche tip exert 
a conservative action in reducing the lateral diffusion of the 
electron cloud, thus tending to keep the avalanche from spread­
ing as it would were it unrestricted. There is, however, a greater 
tendency toward crooked streamers and branching in the longer 
sparks. Since in such long avalanche-streamei' processes there 
is a slight diffusive loss of electrons from die avalanche tip, 
one may expect that a small electron current flows from the 
cathode up the streamer channel to supply the loss.

X1 = ^,=

I adj;

^eaXiejQ
3

2%sX0
3p\//

In this equation, x8 is the distance of avalanche travel in the 
divergent field necessary to make the positive ion space-charge 
field X1 = KXXi so that a streamer may propagate, while aXt 
is the value of a at the vital portion of this avalanche where the 
ionization is cumulatively increasing most rapidly and XXl is 
the strength of the electrical field at the point x8. That is, the 
derivation of the equation requires that a multiplying into the 
exponential term to be the value aXl in the last increment of 
path dx where the space charge is building up. It may be noted
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distance xs away from the electrode surface in the field direc- 
x = xs. The streamer then ad- 

outward from the electrode toward the negative elec-

that the value of the integral adx is independent of the or­
der in which the limits are imposed relative to the increase or 
decrease of a with x so that I1'8 adx is independent of polar- 
ity in the high-field region. On the other hand the polarity of 
the high-field region changes the value of XXt and hence alters 
Vs (see page 142). It is essential in addition that at the pres­
sure existing, the distance of travel and the field XXt are ade­
quate to insure the density No of ions required for streamer 
propagation.

In writing this equation nothing has been said as to the values 
of X across the gap. It is clear that a streamer is initiated if, 
either at the positive or negative electrode, the fields XXt are 
such that a streamer can form. If the electrode is the positive 
electrode then the avalanche proceeds from an origin % = 0 at 
a 
tion and ends at the surface at 
vances 
trode. Whether it reaches this is a matter to be discussed later. 
If the electrode is negative an avalanche proceeds outward 
from the surface at x = 0 to a distance x = x8. If at this point 
KXXl = XT for the positive space charge, a retrograde streamer 
moves back to the cathode essentially extending the potential 
of the electrode out into the gap a distance xs. The process then 
again repeats itself. The question as to how far this process 
proceeds out into the gap is again one which needs further 
discussion.

Now, in many unsymmetrical and otherwise nonuniform 
gaps the fields at the electrodes are very high while those in 
midgap are very low, lower than the potential difference di­
vided by the gap length. They are so low in fact that a has a 
value zero in these regions. While it is absolutely correct to 
infei* that the streamer process carries with itself a considerable 
field distortion and thus extends the electrode fields out into 
the gap, it is possible that the midgap fields may be so low as to
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prohibit further streamer propagation. This situation is ac­
tually frequently encountered in very long gaps and gaps that 
are fouled by ionic space-charge accumulations from antece­
dent discharges in the weak midgap regions. In such cases we 
have local and partial breakdown in the form of corona dis­
charges from one or even both of the electrodes.

Where the small electrode is positive we in fact see the 
development of pre-onset streamers which cannot cross the gap. 
These are eventually choked off by their own space charges and 
lead to a modified form of corona known as the burst pulse 
corona of Trichel.8 Where the positive points are too small and 
the fields are too concentrated, even the pre-onset streamers fail 
to develop.0,8

For larger negative points against positive planes the ava­
lanche-retrograde streamer mechanism is observed. Where the 
fields become too restricted, owing to the small radius of curva­
ture of the point, the corona localizes at the point surface. Here 
y becomes prominent and a characteristic glow-like discharge 
operating on ToivnsencVs mechanism materializes. In some cases 
this periodically throttles itself by space charges. Electrodes 
of intermediate size show a combination of the glow-like dis­
charge together with an incipient negative avalanche-retrograde 
streamer process.50 The Townsend-like glow discharge and the 
incipient streamer are shown in Figures 20a, b and 21, drawn 
by Trichel49 and Kip50 from telemicroscopic studies.

Where the electrodes, despite large spacing, are sufficiently 
large to insure either positive or negative streamer formation, 
breakdown may proceed by one or the other mechanism or 
both. There will, in general, be a significant difference between 
the two forms of breakdown in long gaps. For fine negative 
points the character of the space-charge formation differs from 
that for the fine positive point.* For the positive point the elec-

* The points must not be so fine that the a-x8e adx fails to give an adequate 
space charge for streamer formation. This leads to the suppression of streamers 
for both signs of points and replacement by other mechanisms.
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Irons of the initiating avalanche are swallowed up by the point 
and tlie positive streamer advances into nearly virgin air with­
out much space charge to hinder it. It carries the high ion 
density from tlie electrode surface with it. It advances to a 
point where the field is too low to permit further advance. Until 
the space charge of such a streamer which did not cross the gap 
is cleared from the weak-field regions of tlie gap, it may, how­
ever, prohibit a further streamer formation. Where the field 
about the negative point attenuates rapidly an avalanche pro­
ceeds outward from the point into a weak-field region. The 
electrons at the avalanche tip then find themselves in a weak- 
field region which is still further attenuated by the positive 
space-charge field of the avalanche. Thus the positive space 
charge in the rear of the avalanche increases the field between 
itself and the cathode, while in the weak and declining field ahead 
of the electron avalanche tlie field to tlie anode is not enhanced 
in equal measure. In a uniform field this action of tlie positive 
charge does not occur, as it is dense only near the anode or at an 
avalanche head. Where the field diverges rapidly the differ­
ence may be significant. Thus the negative avalanche-retrograde 
streamer mechanism may in divergent fields be inhibited from 
materializing until fields at the electrode surface are achieved 
that are much higher than those for the positive point. This 
action is further enhanced, since XXt for the negative point is 
less than for a positive point, so that aXt is much lower for the 
negative point and V8 must be increased, as seen on page 142. 
This situation leads to a tendency of the small-point mechanism 
to utilize a y which becomes appreciable in the high-field region 
and so favors Townsend’s mechanism.

For larger electrodes the high fields extend out farther. Here 
the positive point can again yield streamers as soon as Meek’s 
equation is satisfied. In the case of the negative point given a 
sufficiently long high-field region the negative avalanche-retro- 
grade streamer mechanism can materialize. However, the length 
of advance of such streamers in a nonuniform gap for the same
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field strengths as for the positive streamers will not be nearly 
as great. This is nicely seen in Figure 22, discussed on page 92. 
For, while both processes advance into low-field regions, the 
positive streamer carrying with it the high-field gradient at the 
electrode surface will find advance easy. On the other hand 
the fact that the negative avalanche-retrograde streamer mech­
anism is already operating at a density limit of NQ makes prog­
ress into low regions of X much less likely on the basis of the 
attenuation of ion densities in low fields. That is, such a mech­
anism cannot send a negative avalanche-retrograde streamer 
process far into fields X < X8o. Hence, breakdown by means 
of negative-streamer processes will take place at higher elec­
trode potentials and less readily at lower potentials than will 
those by positive-streamer processes. This is a well-known ex­
perimental observation.

That minimum fields for the progress of streamers and ava­
lanche-retrograde streamer processes exist was amply indicated 
above. As to the magnitudes of these minimum fields little is 
known. It is possible that they will in part depend on the pre­
vious history of the streamer or avalanche-retrograde streamer 
and on pressure. That is, it is possible that they will depend on 
the electrode conditions from which the processes originate and 
on the density of effective photo-ionization. Probe measure­
ments51 in a gap with positive point-to-plane corona discharge 
indicate that near breakdown with an average gradient be­
tween the points and plane of 5,500 volts per centimeter the 
minimum measured field about halfway across the gap of 4,000 
volts per centimeter is low enough to prohibit streamer advance. 
The field required for propagation estimated from the break­
down potentials where streamers crossed the gap may then be 
as high as 4,400 volts per centimeter. More studies of this sort 
can well be carried out and may lead to considerable light on 
the subject.

The fact that there is a marked difference in the conditions 
for streamer advance and avalanche-retrograde streamer ad-
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* Lightning discharge is the nearest exception to this statement. In this case 
the low conductivity of the ground and the ultra-long gaps favor negative-streamer 
advance. Still the stroke is usually completed by a positive streamer from the 
ground.

vance leads us at once to expect that there should be a dif­
ference in the breakdown potentials from positive and negative 
points. This is in fact the case. It is difficult to express the 
degree of the difference quantitatively. The best one can do 
is to state that the average field strength (potential difference 
divided by the gap length) for a spark with the positive point 
to plane is of the order of 4,400 volts per centimeter, compared 
to the value of 9,000 volts per centimeter for the negative point 
to plane. As indicated before, when the fields in the gap with 
a positive point reach such a value that the streamers can trav­
erse the gap, breakdown is likely. With the negative points it 
is clear that the fields must be higher before avalanche-retro- 
grade streamer processes can advance very far into the gap. In 
gaps such as this it is doubtful whether the negative point-to- 
plane breakdown ever takes place by means of the negative 
avalanche-retrograde streamer mechanism alone, owing to the 
low value of the midgap fields.* In fact the moving-film camera 
photographs of Allibone and Meek12 show tliat the sparks con­
sist of avalanche-retrograde streamers which advance from less 
than one-third to one-half way across the gap where they are 
met by a positive streamer from the anode. That this must be 
the case was postulated by Loeb and Kips in their study of the 
negative corona. To account for the positive streamer from a 
plane electrode where the field is assumedly low, it was pro­
posed that in breakdown with steady negative-point corona 
the space-charge density of negative ions at the anode might 
produce fields that could yield streamers. Actual measurements 
made by Waithman and Baker,51 using probes in positive- and 
negative-point corona gaps of about 4 centimeters length at 
atmospheric pressure in air, indicate that fields of this character 
and probably adequate magnitude can occur. The occurrence



91THE STREAMER THEORY OF SPARK DISCHARGE

x 300 = 1.13 x 10134 volts/cm (27) 
A

of such fields can also be demonstrated on the basis of actual 
data as the following simple calculation shows.

Assume a negative point-to-plane gap of 4 centimeters length. 
Just before breakdown the current is 15 microamperes. In a 
time of t seconds the current i gives q = 3 X 109 it e.s.u. of 
negative charge in the gap in transit, where t is the time of 
transit of the ions across the gap. Now the field strength X at 
the anode will be Xa = 4ircr, where a is the surface density of 
induced positive ions at the anode. If the current to the anode 
is uniformly distributed over its area A, the value of Xa can be 
computed as follows: Assume, as is the case for the negative 
point, that the point is effectively screened by the positive space 
charge

y  4?r X 3 X 109zY Xa------------- A---------

Now t has been measured by KipG for the positive ions and is 
not essentially different from that for negative ions. Hence, in 
Equation 27, t = 2 X 10‘3 second and A = 10 square centi­
meters. Thus Xa = 34,000 volts per centimeter. With the con­
centration of the discharge at the center of the anode the field 
will be materially higher and will thus enable the positive 
streamer to propagate from the anode.

In the case of impulse breakdown from the negative point 
the situation is somewhat different. Space charges at the anode 
do not form in the short times. The potential of the negative 
point must be raised to values sufficiently high to launch an 
avalanche-retrograde streamer process that can advance well 
toward the anode. The impulsive change in the field distribu­
tion in the gap can then be shown to lead to field gradients at 
the anode of sufficient magnitude to launch an anode streamer. 
This will meet the cathode streamer process near midgap and 
complete the spark. Such breakdowns photographed with the 
moving-film camera by Allibone and Meek12 are shown in Fig­
ure 22. Analogous breakdowns photographed for positive-
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(28)e.s.u. = 1.8X 1012 -2- volts/cm 
Z“

are shown inpoint breakdown with only positive streamers 
Figures 23a, b.

To show that breakdown occurs in this fashion we proceed 
as follows. The negative avalanche is projected into the gap 
and introduces a charge of Q coulombs into the gap at the nega­
tive point before it is propagated across the gap. Now Jeans’2 
shows that the field induced at a conducting-plane electrode a 
distance I directly below a quantity of Q coulombs at a point is 
given by

To make Xa = 3 X 104 volts/cm, Q must equal 1.67 X 10"8 Z2 
coulombs. Thus ^idt must equal 1.67 X 10'8 Z2 coulombs in 
the time t of streamer formation at a current i. For Z = 3 cm, 
(7 = 1.5 X 10"‘ coulomb, which means that the avalanche in 
its time of growth t must give 9.4 X 1011 ions. This is just 
about the number of positive ions and therefore of electrons 
in the avalanche to permit streamer formation. Hence, for this 
gap, where streamer formation is just beginning, a positive 
streamer may start. This picture is perhaps oversimplified. 
For there are periods before the streamer elements reach the 
cathode where there is a dipole acting instead of the volume 
charge Q. There will, however, be times when Q alone acts, 
and this with the advance of Q into the gap can give adequate 
fields at the anode. For longer gaps Z2 is increased. Hence 
^idt must be larger. This requires merely that the time t 
must be greater, which has the consequence that the negative 
streamer must advance further into the gap, decreasing Z and 
increasing Q. Thus one clearly sees why with impulse break­
down for small negative electrodes the observed negative­
streamer advance into the gap is longer and meets the positive 
streamer more nearly in midgap.

Before leaving a discussion of the breakdown of long gaps

Y _ 2Q X 3 X 109
Ao— J2
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Fig. 22.—Discharge 
in a long gap photo­
graphed by Alli bone 
and Meek with a ro­
tating camera. The 
voltage source was 
an impulse generator 
connected to the gap 
through a resistance 
of 6 X 10’’ ohms. The 
negative point i^ at 
the top. The anode 
is an earthed plane. 
The high 
causes a 
stepped-■ 
consisting < 1 
lanche 
streamer 
to proceed one-third 
the way across the 
gap. This causes a 
high field distortion 
at the earthed plate 
which starts a posi­
tive streamer. The 
streamer proceeds to 
meet the negative 
leader stroke at a 
point % the gap 
length up from the 
plate. The final re­
turn discharge from 
cathode to anode 
after junction of the 
two streamers is seen 
to the right of the ini­
tial positive streamer. 
The passage of time 
is indicated by dis­
placements to the 
right. Note the un­
successful negative 
leader strokes to the 
upper left, which did 
not produce a posi­
tive streamer and 
the second positive 
streamer to the lower 
right that started too late to join the negative leader.



a b
Fic. 23.—Photographs taken with a rotating camera to show he breakdown of a 

100 cm gap in air at atmospheric pressure between a positive point and an earthed 
plane. The voltage source is an impulse generator, which is connected to the discharge 
gap through a resistance R. where (a) ft = 100.000 ohms; (6) ft = 1.000.000 ohms. 
The film movement is such that the leader stroke appears on the left, the main stroke 
on the right. The point electrode is at the upper end of the photograph. The discharge 
progresses along the trace at the left to strike the ground and then returns as a brilliant 
flash depicted by the right-hand trace, which follows in general contour the leader 
stroke. The speed of the main stroke is much greater than that of the leader stroke, so 
that the distance between the two traces at any position in the gap enables the time of 
passage of the leader stroke, and thus its velocity, to be determined. In b the very faint 
parallel lines to the left probably represent the first two steps of the leader-stroke ad­
vance. Note the downward branching, particularly in a.
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with nonuniform fields, attention must be called to the quanti­
tative discussion of the breakdown of sphere gaps. This is 
treated at length in chapter iii. Here only a few matters cogent 
to the questions under discussion will be pointed out. For 
sphere gaps of large radius with gap length that do not give 
too low a field in the mid gap region, breakdown usually starts, 
as in the plane-parallel case, from the cathode as a negative 
avalanche process and proceeds across the gap to the anode, 
giving a breakdown streamer. The field, X8m, in midgap must, 
however, be great enough so that the field at the streamer tip 
along the axis, X± -|- X8m, will give enough photo-ionization to 
yield the No ions per cubic centimeter needed for a streamer. On 
this basis one can calculate V8 for the gap on Meek’s theory 
from Equation 25. The total value of V8 is slightly less than for 
a plane-parallel gap of the same length but the field at the 
cathode X8c is greater than X8 for a plane-parallel gap. If, now, 
the gap length be increased so that the midgap field falls, the 
picture changes. When the field at midgap falls so low that a 
ceases to have adequate values, the avalanche ceases to increase 
across the gap and disperses as it advances in the low-field re­
gion. The avalanches from the cathode may advance to near 
midgap and perhaps even send back a streamer, but they can 
usually advance no farther. On the other hand, an avalanche 
starting at midgap will advance to the anode. This will give a 
streamer that can propagate from anode through the midgap 
region (if X± -|- X8m is not too low) and produce a spark in this 
fashion. In this event 8 is one-half as great as for the avalanche 
crossing from the cathode. The value of Vs for this gap is still 
slightly below the value for the plane-parallel gap. It is, how­
ever, higher than that for a process where the avalanche could 
cross the whole gap length 8 and produce a streamer. Again 
Meek’s theory can be applied to this process of breakdown and 
leads to values of V8 in agreement with experiment. At gaps 
whose length is just on the borderline between the two mech­
anisms, sparks will take place on either mechanism, but those

Hi

bl
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initiated by avalanches from the cathode will have a lower 
value of Va than those from avalanches which start in midgap. 
Hence, the observed potential V8 in this region will show an ab­
normally high scattering of values dependent on the point of 
origin of the initiating electron. This was observed but could 
previously never be explained.53

There is finally another phenomenon which has been ob­
served in the spark breakdown of corona gaps at various pres­
sures which had defied understanding until recently. Inasmuch 
as it throws a great deal of light on the question of the progress 
of positive streamers in weak-field regions, it will be discussed.

If the characteristic curves for sparking potential and the 
potential for positive-corona onset are plotted as a function of 
pressure, the onset potentials for corona will be observed to be 
well below the spark-breakdown values of the gap for lower 
pressures. As the pressure increases, however, a value is 
reached where the sparking potential begins to decrease. It de­
creases with increase in pressure until the sparking-potential 
curve reaches the curve for onset of corona. Thereafter, as pres­
sure increases there is only one curve which is the breakdown 
and corona-onset-potential curve54 Thus it is clear that above 
a certain pressure range the corona onset and sparking potential 
coincide.

Now it was indicated above that positive-corona onset was 
preceded for all but the finest points by the appearance of pre­
onset streamers. These proceeded away from the anode but a 
short distance. If the gap was fouled by positive space charge 
they could not develop at all.

It is clear that low-field strengths must prevent streamer 
propagation. The reason for this is clear. The advance of a 
streamer depends on the supply of photoelectrons in the gas and 
their effective multiplication by ionization by collision in ad­
vance of the tip space charge of the streamer. Now the field 
multiplying the electrons in the effective region ahead of the 
streamer is some function of X19 the tip field of the streamer,
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plus Xx, the field at the point x in the gap. The tip field of the 
streamer X19 emanating as it does from the high field at the 
anode, may initially be high and in midgap greater than Xx. 
As the streamer advances some of this field, X19 goes to main­
taining the iR drop which keeps the excess electrons (see p. 104) 
going to the anode. Thus the tip field is falling as the distance 
from the anode increases. It may also decline for other causes 
connected with ionization. In any gap, if Xx is low enough, 
there must come a time when the photoelectronic density and the 
electron multiplication ahead of the streamer fail to maintain 
the ion concentration NQ because of the low value of + 
and the advance field /(Xi + X*). Now as pressure increases, 
while a may be decreased somewhat by the increase in p, two 
other conditions are being much ameliorated. First the density 
of photo-ionization about the tip is being increased and, what is 
more, the increased density of photoelectrons is brought much 
closer to the strong portion of the space-charge tip field. At the 
higher pressure the efficiency of ionization in short distances of 
travel is also increased. Hence, the effect of attenuation of the 
imposed field Xx is no longer as serious as pressures are in­
creased, for the ionization processes feeding the streamer tip 
are brought much closer to the tip where the fields are higher. 
It is thus not unexpected to see at higher pressures the point 
reached where even in attenuated fields, Xx, the tip field, can 
propagate a streamer across the gap. Thus, at this point, the 
onset potential, which marks the initiation of streamers at the 
anode, suffices to give streamers that propagate across the gap 
and cause a spark. This accounts for the observations and again 
emphasizes the importance of pressure in facilitating streamer 
advance, which was nicely illustrated by Meek’s equation.

16. The Mechanism of Lightning Discharge

When one considers the case of the longest discharges ob­
served, namely the lightning discharge, it is again clear that 
the mechanism will be based on the propagation of streamers,
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or, where conditions warrant, on an avalanche advance and 
retrograde streamer formation. The observations on lightning 
discharges have shown that, wherever it is possible for positive 
streamers to form and propagate, this mechanism 'will predomi­
nate. However, the observations of Schonland and others0" on 
lightning discharges from cloud to ground indicate that since, 
in the majority of the thunderstorms, the negative cloud pre­
dominates in its proximity to ground, a considerable fraction 
of the discharges propagate from highly localized concentra­
tions of negative charge in the cloud and move toward the 
ground. The exact nature of the way in which the electrification 
leading to a stroke accumulates and concentrates is not known. 
The excellent studies of Simpson and Scrase50 made on gra­
dients at the ground, in the air, and in the clouds by means of 
balloons indicate the existence of either mild field gradients of 
300 volts per centimeter or less or else gradients that caused a 
spark to pass in their apparatus. They correctly conclude that 
either the gradients leading to strokes are exceedingly local­
ized in space or else that they arise very suddenly as a result 
of turbulent convection in localized areas. Doubtless both effects 
are-present. But when such an accumulation in a negative cloud 
yields gradients capable of giving avalanches or streamers, a 
breakdown begins, much as is the case for smaller negative 
electrodes.

a) Progress of a typical lightning discharge.—The typical 
lightning discharge has been extensively studied by Schonland, 
Malan, and Collens00 by means of the Boy’s camera. It is illus­
trated by Figure 24, where the steps in the leader stroke are 
seen at the right, the time axis going from right to left. Schon­
land07 has analyzed the progress as follows. The discharge from 
the negative cloud is preceded by an invisible pilot streamer ad­
vancing into virgin air at the rate of about 1 X 107 centimeters 
per second.* After an advance of some 5 meters, or in an

* Schonland87 finds that for the majority of pilot streamers the velocity lies 
between 1.0 X 107 and 5 X 107 centimeters per second, though higher velocities,
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up to 2 X 108 centimeters per second are observed. The higher velocities occur 
for streamers whose behavior indicates that they may be traveling in fields of 
abnormal strength. In his calculations Meek58 uses the value of 2 X 107 centi­
meters per second for the velocity. However, since we are considering here the 
minimum fields necessary for streamer advance, we will use the lowest value for 
the velocity as observed by Schonland, viz. 1.0 X 107 centimeters per second.

average of 50 microseconds of travel, a stepped-leader stroke, 
moving at the speed of 2 X 109 centimeters per second advances 
from the cloud to the tip of the pilot streamer down the pre­
ionized pilot streamer and slows down to the pilot-streamer 
speed. Then after another interval of 50 microseconds, if the 
stroke is long enough, it is caught by a second stepped leader 
and so on. For strokes in excess of 2 kilometers as many as 2 
stepped leaders may be proceeding down the channel at once. 
As the pilot streamer approaches the ground, field distortions 
such as those calculated on page 92 may lead to the initiation 
of one or more positive streamers from appropriate conductors. 
These, as in Allibone and Meek’s long sparks,12 eventually join 
the pilot streamer. Then over the pre-ionized streamer channel 
the brilliant return stroke, operating through ionization by a 
potential wave traveling up an ionized channel, follows at a 
speed of 1010 centimeters per second, completing the discharge. 
Later successive strokes (up to 40 have been observed) from 
the cloud follow down the first spark channel, with its ionization 
decaying as a result of recombination, as the more distant ele­
ments of the cloud release their charge. These discharges con­
sist of what Schonland terms dart leaders proceeding from cloud 
to ground at the rate of 2 X 10s centimeters per second, through 
the decayed ionization in the old channel, followed by a rapid 
return stroke from the ground.

6) Meek’s theory of the stepped-leader stroke.—Meek58 has 
investigated the details of the progress of the pilot streamer and 
shown the origin of the stepped leader without considering the 
mechanism of the pilot streamer.

In order that the pilot streamer could advance continuously, 
he assumed that there must be a minimum current, i, flowing
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P — = 1.1 X 1011 per cm3

into the streamer tip to provide the charge. To calculate this 
current he also assumed that the field at the streamer tip was 
30,000 volts per centimeter, a field capable of giving stream­
ers with 1 centimeter of travel of the avalanche. If the pilot­
streamer channel has a radius of r centimeters, then the current 
i, according to Schonland,u' has the value i = ^Xvr. Now r 
was chosen as the diffusion radius of the electron avalanche in 
5 to 10 meters of advance, or in 50 microseconds of travel. 
This was calculated to be about 0.3 centimeter from Raether’s 
equation,2 giving the current i as 0.1 ampere, a not unlikely 
value. The ion density at the tip is then

i
('irr2ev)

for v = 2 X 10' centimeters per second. It is seen here that 
the values were not quite properly chosen, since the ion density 
is too small to cause streamer formation. Of this more will be 
said later.

Having determined these conditions, Meek showed that in 
the 50 microseconds of travel the initial density of ions at the 
cloud end of the channel had decayed to 1010 ions per cubic cen­
timeter by recombination. With a resistance, R, of 4.6 X 105 
ohms per centimeter, in the spark-path channel calculated from 
the electron mobilities, the iR drop of 4.6 X IO1 volts is suf­
ficient to launch a stepped-leader stroke from cloud to pilot­
streamer tip at the speed of 5 X 10° centimeters per second. 
This increases the ion density to 1014 ions per cubic centimeter 
in the channel and re-establishes the conductivity. In the next 
50 microseconds the density has, by recombination, again 
fallen to 1010 ions and a new stepped leader proceeds. The 
calculations are consistent with the observed data on lightning­
discharge propagation.. The high velocity of the return stroke 
comes from the density of 1014 ions per cubic centimeter in the 
stepped-leader stroke process which, on the Schonland-Loeb and 
Cravath13,14 mechanism, makes such velocities possible. The



99THE STREAMER THEORY OF SPARK DISCHARGE

fact that the decay of ionization by recombination in 50 micro­
seconds to 1010 ions per cubic centimeter is so insensitive to the 
initial ion density 7V0, above 1011 ions per cubic centimeter, 
comes from the recombination equation, N = /V0/(l + 7Voaii). 
It lies in the fact that with tlie coefficient of recombination ar in 
air = 2 X 10’°, N^t = 2 X 10’° X 1 X IO11 X 50 X IO'6 = 10 
is greater than 1, and thus N is nearly independent of No but 
depends on time only.

c) Modification of Meek’s theory in conformity with ava­
lanche-streamer mechanism,—One must now consider the 
mechanism of the pilot-streamer advance. In the light of the 
mechanism of long sparks one can assume that, when a gradient 
due to the cloud of X8o = 25,000 volts per centimeter or more is 
created over a length of some 15 or more centimeters, a chance 
electron at the cloud starts an avalanche which proceeds toward 
tlie ground at a speed of about 1 X 10' centimeters per second. 
After 15 centimeters travel, this avalanche has.built up a den­
sity of positive ions of 7 X 1011 charges per cubic centimeter. 
At this point a retrograde streamer moves to the cloud, estab­
lishing a conducting channel at its arrival in some 5 X 10’8 
second or diereabouts. This conducting path is somewhat in­
creased in radius beyond the radius of the avalanche tip, which 
in 15 centimeters travel is r = 0.052 centimeter, owing to the 
character of the process of streamer formation as shown in 
Raether’s photographs. The avalanche then forges ahead again 
for a distance of 8X centimeters, and a new streamer propagates 
backward, lengthening the channel of conducting plasma to 
15 + Sj centimeters from the cloud. This process of advance of 
the pilot streamer continues for some 50 microseconds until 
a stepped leader starts and reaches the end of the pilot streamer. 
The arrival of the stepped leader doubtless increases the tip 
field of the pilot streamer, which forges ahead with a somewhat 
enhanced speed and perhaps shorter steps before retrograde 
streamers form, but eventually settles down to the initial pro­
cedure.
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If, then, this picture is the correct one for the mechanism of 
advance of a pilot streamer, the reasoning and figures given 
above must be altered in detail but not in principle. In prin­
ciple, Meek’s theory assumes that there must be a current i 
flowing down the streamer channel. It assumes that, owing to 
decay of ionization, the resistance of the streamer channel in­
creases so much that after 50 microseconds the potential gradi­
ent caused by the iR drop in the channel reaches values initiating 
a stepped leader. This proceeds down a pre-ionized channel 
having a density of IO10 electrons per cubic centimeter. It is 
now necessary, in view of the mechanism of streamer advance 
developed, to reconsider the conditions existing. The first of 
these lies in the criterion for the propagation of the stepped 
leader. Since recombination is taking place in the channel the 
negative carriers present must, in a large measure, be negative 
ions; otherwise the density would not fall to 1010 ions per cubic 
centimeter in 50 microseconds. While the energy of the elec­
trons and the field strengths in the channel are not known, one 
can make certain statements. During the early part of the travel 
of the streamer, it is clear that the fields in the channel will be 
low, since the iR drop is small. If decay by recombination is 
to proceed, the potential gradients must furthermore be well 
below that corresponding to an X/p = 20 at which electrons 
can ionize by impact. Just before the potential wave starts down 
as a stepped leader, however, both ionization by collision and 
high electron energies must begin to occur. Under these condi­
tions it is probable that in the early stages electrons will be at­
taching to molecules to give negative O2 ions, and the data on 
rate of attachment indicates that possibly 0.9 of the negative 
carriers are ions and the rest electrons. Before, however, the 
step can advance, all the negative ions must suffer electron de­
tachment which requires an X/p of from 70 to 90.39 Thus in 
the channel as the ion density falls the carriers are mostly ionic, 
the iR drop increases, and gradients build up leading to ioniza­
tion by collision, with an attendant sudden increase of gradient
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culate i, we must calculate the

between that section and the adjacent region toward the ad­
vancing end. In this way quite suddenly fields of the order of 
53,000 to 65,000 volts per centimeter appear at the cloud end 
of die streamer channel, and the stepped leader starts its advance 
at a velocity of 2 X 10° centimeters per second.

It now becomes essential to consider the value of the current 
which gives the iR drop needed in die streamer channel. It is, 
at first, obvious diat the general equation used by MeekuS and 
Schonland”‘ has no significance in diis particular mechanism. 
One must consider the character and nature of the mechanism 
in the ionized column set up by streamer formation. As a result 
of die field XSo, which must equal 25,000 volts per centimeter 
over the centimeter of avalanche travel, the avalanches create 
eaS1 ions for each of the electrons which advance a distance Sp 
At the end of the 80= 15 centimeters of travel, if only one ava­
lanche starts, that one electron avalanche has created an ion 
density of 7 X 1011 ions per cubic centimeter and a retrograde 
streamer forms, making a plasma in die channel of radius 
r~5.2 X 10 2 centimeter with about 1013 or more ions per 
cubic centimeter. Now such a mechanism does not require a 
current of electrons to maintain itself. All it requires is a poten­
tial pulse or wave which moves at about 1 X 10' centimeters 
per second toward the ground. The plasma must have equal 
numbers of positive ions and electrons plus negative ions. Hence, 
no current other than a displacement current is needed. This 
does not contribute to the iR drop as it advances with the tip. 
If, however, in the advance of the electron-avalanche tip, there 
is a loss of electrons as a result of the radial field and lateral 
diffusion so that the electrons do not remain in the channel 
later to be occupied by the streamer, negative charges are lost. 
These charges must be replenished to give a neutral plasma and 
can do so only if they follow down the streamer channel as a 
current i from the cloud. It is diis current that provides the iR 
drop and leads to the stepped-leader mechanism. Thus, to cal- 

n = niea51 electrons created in
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(29)i = fio =

• In conformity with what has been said before (see page 83), the effect of 
the electrons is merely to shorten 30 to before the next streamer forms. It 
will increase i in the measure that a shorter gives a shorter time of travel to 
provide the needed ion density No = 7 X 1011 ions per cubic centimeter. It will 
also reduce r for the streamer somewhat if 3, < <50. However, with smaller r the 
value of N to give No is less, so that for convenience one avalanche may be used.

The value of v, however, is fixed by the electron-mobility equa­
tion which reads v = 1.23 X 10° y/X centimeters per second

*fcN+ev

the travel of 8i before the streamer propagates and calculate the 
current iQ, of which a fraction, /, is lost by diffusion such that 
i = /io­

Now it is difficult to evaluate the quantity n1? which repre­
sents the electrons in the avalanche tip which are moving in the 
field, so that they multiply and form the avalanche. Owing to 
the space charge of the electron-avalanche cloud, but few of 
these electrons will be in such a position as to produce the ava­
lanche. For the sake of simplicity assume that only one elec­
tron has the good fortune to form the avalanche.* Setting 
n^ = 1, X8 = 24,200 volts/cm, Xs/p = 31.85, a = 1.47, 80 = 
15 centimeters, a8o = 22.O5, we calculate ?i = 3.86 X 109. 
This charge is produced in t = 15/v= 15/10' = 1.5 X 10-c 
second. Hence iQ = 3.86 X 10° X 4.8 X 10“10/l. 5 X 10'° = 
1.24 X 10° e.s.u., and £=1.24 X 10° f e.s.u., where /«1. To 
get the potential gradient down the channel -we can proceed as 
follows. The current i = irr2N cev, where r is the streamer radius, 
Ne the electron density, and v the electron velocity. The value of 
N+, the positive ion density, is given by recombination as

=7VO/(1 ^Voa^), with ai = 2 X 10"G, and t the time of
advance of the streamer before stepping, i.e., 50 microsec­
onds. Now again, owing to the electron attachment and the 
required rate of recombination N+ = 7V_ + Nc, with 7V_ sev­
eral times (about 9) Nc. Hence, if we take Nc as a fraction 
fc of N+, we have
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volts/cm (30)

(31)

per e.s.u. per centimeter for air at 760 millimeters as given in 
conformity with data in Equation 20. Inserting this for v in 
Equation 29 and evaluating the constants, the field

(Ao)2 
(/e/V+)V

If /=0.05 and /o = 0.1, the gradient in the channel for 
streamer advance is X = 50,250 volts per centimeter. This 
makes the loss of electrons by diffusion from the avalanche 
very small. It is, however, not inconceivable that this is the case 
in view of the fields existing. In any case, these data are suffi­
cient to indicate the character of the changes needed to bring 
Meek’s theory of tlie stepped-leader stroke into conformity with 
the present discharge mechanism.

Before leaving the question of lightning discharge, there is 
one more point which requires analysis. McEachron,59 in his 
studies of lightning discharges from the Empire State Building 
in New York, observed numerous strokes that emanated as 
positive strokes from the metal parts of the building to the cloud. 
These strokes were obviously the result of positive pilot stream­
ers set up by high fields induced on the sharp points of the con­
ducting metal. In this case, also, the discharge showed stepping. 
There is no difficulty in explaining the appearance of positive 
pilot streamers. They are to be expected where positive points 
have adequate fields. There is also no difficulty in explaining 
the decay of the ionization in the positive leader-stroke channel 
by recombination as in the negative case. The only question 
arises as to the nature of and reason for an electron current up 
the channel to the anode to give the iR drop. In the case of the 
negative-avalanche process this current was needed to make up

X = 8.73 X 107

Inserting the values for i0 = 1.24 X 10°, r = 5.1 X 10'2 centi­
meter, N+ = 1010, we find

Y = 2.01X107 (///c)2
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Chapter HI

THE CALCULATION OF BREAKDOWN IN VARIOUS 
TYPES OF GAPS

1. Introduction

In chapter ii the physical basis for the streamer mechanism 
of spark breakdown has been given. Furthermore the basic 
equations for streamer formation and spark breakdown in uni­
form and nonuniform field gaps were developed. The results 
of a few calculations based on these equations were also given. 
In order that these computations may be carried out by other 
workers and applied to other gap geometries, it is essential that 
the methods of procedure be presented and exemplary solutions 
be provided.

In presenting these methods and results, one must say a few 
words about the equations.

a. The streamer theory of spark breakdown is not an empiri­
cal theory. It is a logical theory based on fundamental atom­
physical processes and strongly corroborated by observational 
facts.

/3. While inadequate data about the fundamental processes 
at work preclude an exact formulation of the breakdown con­
ditions, a simple and mathematically adequate criterion can be 
set up in which the positive space-charge field at the streamer tip 
must be K times the imposed sparking field. The quantity, K, 
is a fraction between 0.1 and 1.0. This condition has a physical 
significance and is thus not arbitrary or empirical.

y. The uncertain values and possibly slowly varying char­
acter of some of the clearly defined physical quantities in fields 
of sparking magnitude introduce some latitude in the value of 
a constant term. This and the undefined value of the factor, 2C, 
thus give an indefinite value to the constant terms in the equation.

107
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8. For purposes of calculation experimentally established 
values of one of the factors, X0/v7? are inserted and assumed 
constant. The factor, K, is, at first, arbitrarily assigned the 
value 1. Later comparison of the values computed assuming 
K=1 with experiment in several different phenomena indi­
cate that the value, K, should perhaps be more nearly 0.1. In 
the earlier studies made, the value K = 1 was used and, since 
the tedious recalculation with the later value K = 0.1 did not 
seem warranted as regards greatly increased accuracy, the value 
of K — 1 will be used. In later calculations the value K = 0.1 
will be used.

e. To the extent that the value K = 0.1 is used, the equations 
are, in a sense, semi-empirical, though based on a physical 
theory. Since K cannot be set more accurately on any physical 
basis at present, the evaluation of K from observed, though 
empirical, data is justified.

£>• The fact that the wide latitude in the values of X0/v7 an^ 
of K, which contribute to constant values in the equation, cause 
so little variation in the sparking potentials computed lies in 
the exponential character of the cumulative ionization and the 
rapid change of a/p with X/p. Thus too much emphasis cannot 
be placed on the agreement of individual computed values of 
sparking potentials with observation.

t). On the other hand, when one observes the various modi­
fications of the equation applied to one gap geometry after the 
other and utilizing the same constants, leading not only to new 
quantitative agreement, but also explaining previously unex­
plained phenomena, the remarkable power of the new theory 
becomes manifest.

0. Where there are discrepancies between computed and ob­
served values, one cannot ascribe all the discrepancies to inade­
quacies in the theory or the constants. For the experimental data 
are in many cases none too good and the very important curves 
for a/p as a function of X/p may be in part to blame.

a) The experimental procedure and conditions for the taking
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TABLE in
Sanders’ Values of X/p and a/p for Air*

a/p a/pp mm p mm

380
380
380
380
380
380
380
380
380
380
380
380
25

0.000034 
0.000052 
0.000134 

, 0.000234 
0.000430 
0.000910 
0.00136 
0.00201 
0.00305 
0.00459 
0.00605 
0.00820
0.0167

50
60.
70
80
90
100
110
120
130.
140
150.
160.

0.0554
0.127
0.224
0.340
0.491
0.637
0.806
1.007
1.236
1.477
1.602
1.758

20
22
24
26
28
30.
31
32
33
34
35.
36.
40

9.95
4.90
1.00
0.98
0.97
0.96
0.975
0.975
0.973
0.950
0.990
1.000

X/p 
volta/cm X mm

X/p 
volts/cm X mm

of sparking data which can have a uniform significance have 
never sufficiently been worked out or adhered to. Thus

(1) Inadequate attention has been paid to the uniform purity 
and humidity of the air used.

(2) Very widely differing conditions have applied to the 
influence of alterations in the air and electrodes by antecedent 
discharges. Recent work in the Berkeley laboratory1 has shown

that the nitric oxides produced by antecedent sparks in confined 
spaces can lower sparking potentials by as much as five or more 
per cent.

(3) In many cases adequate care has not been taken to avoid 
field distortions in given types of gap design, so that the data are 
valueless.

(4) The further distortion of fields in some gaps by space­
charge accumulations have been ignored.

(5) Finally, the procedures for eliminating statistical time 
lags, raising the potential, etc., differ so widely in different

• The air was contaminated with about 1.4 X 10-3 mm vapor pressure of Hg. At values of p above
300 mm, it is probable that the values of a/p are not more than 5 per cent higher than for Hg.free air.
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Fig. 25.—Sanders’ a/p — F(X/p)

measurements as to make results at times impossible of interpre­
tation.

6) The only data on a/p which are extant in the important 
range of values of X/p for many sparks at atmospheric pres­
sure are those of Sanders,2 given in Table III and shown plotted 
in Figure 25 and for a at 760 mm in Figure 26. They have been 
checked above an X/p = 30 by the values of Masch.3 Unfor­
tunately, both observers worked in air which was contaminated 
with Hg at about 10"3 mm. At high X/p in N2, Bowls1 showed 
that this would raise a by 17 per cent. In the higher pressure 
range where most of the calculations to follow are made, it is
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(24)

(32)

not split up into

2. Breakdown in a Uniform Field

d) Method of calculation.—The breakdown potential of a 
uniform field is calculated from Equation 24, in a slightly modi­
fied form as derived from Equation 23, viz.,

aS + log0 y = 14.46 + log0 y + i logo y

see pages 44 and 45. This equation uses the constant 14.46 for 
which K=l. With a given gap length 8 cm and pressure 
p mm Hg of air in the gap, this equation becomes a relation 
between a and X which can be solved by reference to a/p — X/p 
curves, since there is only one particular value of X which, 
together with the corresponding a, satisfies the equation.

As an example, consider a gap length of 1 cm in air at 
760 mm Hg pressure. The equation for breakdown is

probable that Sanders’ values of a/p as a f(X/p) are good to 
better than 5 per cent despite the Hg vapor. When one considers 
that his air was dry, while other observers, whose sparking data 
are used, worked sometimes with room air and sometimes with 
dry air, it is seen that one can assume Sanders’ values to be 
sufficiently good within the limits of the other data which will 
be used for comparison.

With these remarks one can now proceed to consider the cal­
culation of sparking potentials.

a +logc = 14 ’46 +loge ~ + 4 log°760 p 760

a + logo a = 17.77 4" logo— 
P

XFor convenience the term loge — is
P

logeX--- logo 760.
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LHS = 20.25 RHS = 21.52

II

LHS = 21.84 RHS = 21.52

For A/p = 43.0, a = 5.0, LHS = 21.61
X/p = 42.9, a = 4.9, LHS = 21.19

An increase in the value of X/p is seen to be necessary, and 
for X/p = 42.6, a =18.9, we have

4a + log, a = 17.77 + log,—
P

RHS = 21.53
RHS = 21.53

Precise agreement is obtained by plotting a curve with 
LHS — RHS against X/p, and finding the value of X/p at 
which LHS — RHS = 0. The field strength X required for 
breakdown is then 32,200 volts per centimeter, and since the 
gap length is 1 centimeter, the breakdown potential is 32,200 
volts.

As a further example, consider a gap length of 4 centimeters 
and a pressure p = 190 mm Hg, i.e., the same value of 760 
for p8 as for the gap considered above. Substitution for 8 and 
p in Equation 24 gives

The solution is seen to occur virtually for X8/p = 43.0, and the 
Xbreakdown potential of the gap is V8 = — p8 = 32,700 volts. 
P

This voltage is little above that determined for the 1-centimeter 
gap at 760 mm Hg pressure, an effect which has been discussed 
on page 46.

It will be seen from the calculations above that the equation 
is critically dependent on the value of X/p. A small change in 
the latter causes a considerable change in the value of a and

The solution of the equation is now made by a process of 
trial and error. If we take A/p = 42, for which a = 17.4, the 
left-hand side and right-hand side of Equation 32, respectively, 
become
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TABLE IV

Volts
aS A’/cm3r cma

^3^2

f =

1.47 22.00.0451
1.12 22.4 0.0592 

I

0.5
1.0
2.5
5.0

10.0
15.0
20.0

35.4
18.6
7.9
4.15 20.7 0.0296
2.1521.5,0.0418

17.7 0.00936
18.6 0.0132
19.7 0.0209

6.4X1012
3.7X1012
2.3X1012 
1.18 ’ 8 x 1011 249,000 265,000 260,000 261,000
7.2 x 1011 363,000 386,000’ ........... | ..........
5.6 x 1011 474,000 510,000j505,000 504,000

X/p 
volts/cm X mm

48.1
42.4 
37.05 
34.65
32.8
31.85
31.2

5 cm

The ion density N per cubic centimeter is also included in the 
table and is determined from the relation N = aea5/irr2, as 
shown on page 77. The sparking potential Vs is that calculated 
from the Xa/p evaluated as in (a) through the relation 

XVa = —p8. V-l is the sparking potential actually measured by

0.133 —V
P /

In the foregoing table the radius, r, of the avalanche, when 
it reaches the anode, is included for each gap length. This 
radius is obtained in the manner indicated on page 37, and is 
given by

in the value of the left-hand side of the equation, while the 
right-hand side is but little altered. Even if the value of the 
constant term in the breakdown equation is not absolutely cor­
rect and the values of a are not too exactly known, such errors 
are largely compensated for by the exponential character of 
the relation between a/p and X/p and lead to but small devia­
tions in the value calculated for X/p.

b) Variation of breakdozvn potential with gap length.—A 
summary of the results of calculations for gaps of various 
lengths 8 centimeters in air at atmospheric pressure is given in 
Table IV.

y8 I
18.2501 17,300
32,200 31,600.  

oxiu*- 70,500 73,000 71,000. 72,000 
5xl012 132,000'138,000 134,000 136,000 
rx . a.<a nnn aaa aaa aaa AAA

7.2x10” 363,000386,000' ...........| ........
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Edwards and Smee5 for corresponding gap lengths between 
spheres where the ratio of sphere radius to gap length is so 
large that the field is nearly uniform. V2 is the potential meas­
ured by Davis and Bowdler,6 and V3 is the value given by the 
American Institute of Electrical Engineers.7

Owing to inadequate control of high steady potentials, most 
data on the breakdown at high p8 have been taken using sphere 
gaps and generally 60-cycle alternating potentials. This is espe­
cially true for longer gaps at atmospheric pressure. In prin­
ciple a sphere-gap breakdown potential with sufficiently large 
spheres should be slightly lower than the corresponding value 
for the plane-parallel gap. However, here care must be used 
in noting what is being measured to compare with the com­
puted values in Table IV. The computed values are the thresh­
old values for a spark. To get these, there must be no statistical 
time lag and the values of V8 must be the lowest values observed. 
Actually with 60-cycle A.C., there would need to be a very good 
value of lQ used to insure observing threshold values of V8. 
Furthermore, the measured potentials given are the average 
values of the observed data. Edwards and Smee5 claim an ac­
curacy for their average values of ± 1 per cent.

It is to be noted that the observed values of V in Table IV 
are initially lower than V8, but that they gradually rise above 
V8 reaching a value some 7 per cent higher at 8 — 20 cm. That 
the value is initially lower comes from the use of a K = 1 in 
the equations instead of the probably more correct 7C = 0.1. 
The rise in the observed values of V above the calculated V8 
as 8 increases is to be ascribed to the change in sparking mech­
anism. It corresponds to the alteration in the sparking mech­
anism from die anode streamer to the electron avalanche­
retrograde streamer mechanism discussed on page 80. Whether 
the change should begin to occur at gaps as short as 5.0 cm is, 
however, questionable. How much the way in which the data 
were taken alters the basis of comparison or die conclusions 
cannot be estimated. In any case, too much emphasis cannot be
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TABLE V

a = aS A’/cm3f cmp mm

7.600.. .
3.800.. .

760.. .
380.. .
200.. .
100.. .

19.5
19.0
18.6
18.3
18.2
17.8

1.1 x 1011
3.1 X 1013
3.7 X 1012
1.5 X 1012
7.1 x 1011
2.3 X 1011

0.0042
0.0059
0.0132
0.0187
0.0258
0.0365

Vs volts

248,000 
131,000 
32,200 
18,600 
11,100
6,550

X/p 
volts/cm X mm

32.6
34.4
42.4
49.0
55.3
65.5

There appear to be no experimental data for uniform gaps 
of the order of 1 cm in length at pressures much higher than 
atmospheric, so that a direct comparison between theory and 
experiment is not possible. However, if we consider that the 
measured breakdown potential for a given p8 is nearly constant 
(Paschen’s law), comparison of the values above with those 
in Table IV shows that there is the same degree of agreement 
between measurement and calculation for the fixed gap and 
pressure variation as for the fixed pressure and gap-length vari­
ation. This is to be expected since the uncertainty in experi­
mental data is greater than the expected deviations from 
Paschen’s law on Meek’s theory (see page 46). The comparison 
of the streamer theory with Townsend’s Equation shown in 
Figure 13, page 49, indicates that below p8 = 200 the spark 
proceeds by Townsend’s mechanism. The value of TV at p = 200,

placed on the absolute agreement in values. The value of 
Xs = 24,800 volts at 8 = 15 cm, and TV = 7.2 X 1011 ions per 
cubic centimeter represents the constant sparking-field strength 
X8o at atmospheric pressure for all gaps with 8^> 15 cm com­
puted on the basis of K= 1.

c) Variation of breakdown potential with pressure,—The 
variation of the calculated breakdown potential, Vs, of a 1- 
centimeter gap for different pressures is given in Table V. The 
radius, r, of the electron avalanche when it reaches the anode 
in centimeters and the corresponding ion density N are also 
included.
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8 = 1 cm is 7.1 X 1011 per cubic centimeter, which is the 
minimum value assumed for streamer advance (see page 78).

The breakdown potentials for smaller gaps, of the order of 
1 mm, have been measured by a number of different workers8 
for pressures up to about 70 atmospheres. When pressures 
above 10 atmospheres are employed, it is found that the meas­
ured potential begins to fall below that given by Paschen’s law, 
and the deviation becomes considerable at higher pressures. 
Measurements by Hayashi8 for a gap of 0.089 centimeter give 
breakdown potentials of 28,500 volts and 63,000 volts at pres­
sures of 10 atmospheres and 40 atmospheres, respectively. In 
these two cases the corresponding gap lengths at atmospheric 
pressure to give the same value of p8 are 0.89 and 3.56 cm, 
for which the respective measured breakdown voltages are 
28,000 and 106,000 volts. The measured values at ten atmos­
pheres and at one atmosphere for the same p8 are thus in agree­
ment within the bounds of experimental error, while the corre­
sponding comparison for the measurement at forty atmospheres 
shows considerable deviation.

This deviation cannot be accounted for by the streamer 
theory, which gives calculated values of 29,300 volts and 96,200 
volts for the breakdown of a 0.089-centimeter gap at 10 and 40 
atmospheres respectively. While the streamer theory might be 
expected to hold at lower p8 with higher values of p, as seen 
on page 77, this disagreement with experiment must not be taken 
too seriously. It is doubtful whether adequate precautions were 
taken by the observer to avoid the lowering effect of nitric 
oxides1 which were not known at that time. It is further to be 
noted that in these regions the sparking-field strengths are of 
the order of 6 X 10u to 10° volts per centimeter in which field 
emission from the electrodes can be expected from fine points 
of low-work function.0 In view of such difficulties in the in­
terpretation of the observed data, one can hardly consider the 
failure of the streamer or any sparking theory in this regime as 
significant.
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d) Reasons for the success of empirical sparking formulae. 
—Reference to Tables IV and V shows that the value of a8 for 
breakdown varies from about 18 to 22 over the wide range of 
values considered for both 8 and p. The actual values for a8 
are, of course, largely determined by the constant term in the 
breakdown equation, which is not absolutely known. However, 
the fact that there should be such a small variation in the value 
of aS to give breakdown indicates that the breakdown potential 
might be calculated in an empirical manner, giving reasonable 
results, by the criterion that breakdown occurs when aS —' 20 
or some other such value. Such a criterion for breakdown has 
been used at various times by different workers.10 It must, 
however, be noted that such a relation is purely empirical. It 
has no bearing on the mechanism of breakdown except to assume 
cumulative ionization with the experimental values of a/p as a 
f(X/p) which is an observed experimental fact. The character 
of this variation, however, shows clearly why such empirical 
relations give values of breakdown potential which are in fair 
agreement with experiment.

e) The “corrected” breakdown equation.—The correct value 
to be used for the constant term in the breakdown equation, as 
indicated on pages 42 and 107, is a matter open to question. 
Theory indicates that it will depend to some extent on pressure 
and field strength. For, as indicated on page 44, the original 
equation was derived using fixed observed values of Xo and \/f, 
which correspond to conditions closely met in breakdown fields 
in gaps of the order of 1 centimeter in length at atmospheric 
pressure. Further, a certain degree of simplification was neces­
sary in the determination of the constant, K, in the sparking 
criterion, X1 = KX8. In the derivation of the original equation, 
the criterion set for streamer formation and breakdown was 
that K = 1, whereas actually the value of K probably lies nearer 
0.1 than 1.0.

The considerations suggest that to obtain a possibly more 
correct value of the constant term, the value of the latter should
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(24a)

be changed to that which gives the more generally accepted* 
breakdown potential of 31,600 volts for a 1-centimeter gap in 
air at normal temperature and pressure,11 rather than the higher 
value originally used. Making this change, the resultant equa­
tion is

a3 + logcy = 12.16 + logc A + Jlog8 A

The constant term is seen to be reduced by the amount 2.3 to 
the value 12.16. Calculations show that the value of K which 
results in such an equation is jK = 0.1.

The corrected equation yields values of breakdown potential 
little different from that in which the constant term is 14.46, as 
indicated by the fact that the reduction in calculated potential 
for the 1-centimeter gap is only from 32,200 volts to 31,600 
volts. The calculations for both the original and the corrected 
equation are given in the next section on the sphere gap, and 
the difference between the resultant values is seen to be slight. 
However, it will be seen that the corrected equation gives more 
nearly correct values for the case of the corona discharge where 
recent data12 on streamer onset are reliable, and it has been 
largely used in that section. More definite determinations of 
the constant must depend on more reliable values for sparking 
potentials under different conditions and K and Xo/\// may be 
found to vary with p and 8. It must also be noted that the choice 
of a value for K sets an average threshold value and, owing to 
chance fluctuations, a breakdown may sometimes occur at 
higher or lower values (see page 51). Thus it cannot be stated 
which of the two constants is the more correct, and particularly 
so since the constant term may vary under different circum­
stances. In general the effect of variation of the constant term 
will be considered for the various electrode configurations to be 
discussed.

* Recent careful measurements by W. R. Haseltine1 in this laboratory avoid­
ing the effect of oxides of Na show 14.46 to give excellent agreement with his ob­
servations. It is seen that the uncertainties lie as much in experiment as in theory.
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V. (33a)

where

(336)

3. The Sphere Gap

a) Introduction.—The calibration of the sphere gap for 
voltage determination by sparking potential measurements is 
a matter of considerable importance to engineers and has been 
the subject of much investigation during recent years.5’0’7,13

Thus, there is a considerable amount of experimental data 
with which to compare the calculations and predictions of the 
present theory. Until recently, the lack of an adequate theory 
of spark discharge has precluded the theoretical calculation 
of the voltage required to cause breakdown, though a number 
of empirical formulae, notably that of Peek,14 have been de­
veloped to enable calculations of breakdown potential to be 
made. In general, these formulae represent the relation be­
tween breakdown potential and gap length over a certain range 
of values, but they fail when extrapolated outside that range. 
The tendency is to base such formulae on the supposition that 
breakdown takes place when the gradient at the sphere surface 
attains a particular value which is dependent on the radius of 
the sphere. Thus one frequently sees reference to the supposi­
tion that the breakdown strength of air is a function of elec­
trode curvature. The present theory, however, enables the 
calculation of the breakdown potentials for different sphere 
diameters and gap lengths without recourse to empiricism. The 
theory is furthermore found to explain many of the sparking 
phenomena associated with the sphere gap.

6) Axial field in a sphere gap.—The field distribution along 
the line of centers between two spheres is closely given by the 
expression

y_28[82(/+l)+4y2(/-l)]

[82(/+l)-4y2(/-l)]2

8/R + 1 + V(8ZR + I)2 + 8
7 4
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(34)

(35)

8 is the gap length in centimeters, y is the distance of the point 
under consideration from the mid-point joining the line of 
centers of the spheres in centimeters, R is the sphere radius in 
centimeters, and V is the potential difference between the 
spheres.

The gradient at the surface of each sphere is always higher 
than that in mid-gap. The variation of the gradient across the 
gap decreases with decreasing gap length, and for short enough 
gaps the gradient is virtually uniform. However, the variation 
of the ionization coefficient a across the gap is much more pro­
nounced than the variation of X, for in the region of usual 
sparking field strength, where X/p 40, the value of a/p 
varies approximately exponentially with X/p.

c) Calculation for the short gap.—The breakdown potential 
of a short gap between spheres is calculated in a manner similar 
to that for the uniform gap, due regard being paid to the varia­
tion of X and a across the gap. In both cases an electron ava­
lanche is originated by an electron leaving the cathode. The 
avalanche travels across the gap to the anode, where the ion 
density in the avalanche is such that it gives rise to a positive 
streamer which develops from anode to cathode to form a con­
ducting filament bridging the gap, and so causes breakdown to 
occur.

The equation for the calculation of breakdown potential in 
conformity with Equation 25, page 45, is

^adx + logc ^-=14.46 + logc | log„ y

This may be written
^adx + logc ax = 14.46 J logc + J loge p8

where XA and aA are the respective values of field strength and 
ionization coefficient at the surface of the anode (see page 84). 
The equation in which the constant term is 12.16 instead of 
14.4*6 may be more correct and the results obtained from both
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equations will be compared and discussed later. Meanwhile the 
calculations will be made on the basis of the foregoing equation 
with the constant term 14.46.

For a particular gap length between spheres of given radius, 
the field distribution and the variation of a are plotted for dif­
ferent values of potential difference between the spheres. The 
value of potential difference which gives such a distribution of 
X and a in the gap that Equation 35 is satisfied is found by a 
process of trial and error. This will then be the minimum po­
tential difference to cause breakdown.

Curves giving the variation of X and a across a 2.5-centi- 
meter gap between spheres of 12.5-centimeter radius for a 
potential difference of 70,000 volts at 760 millimeters pressure 
are shown in Figure 27 (p. 130). It is found that the values of 
X and a are such that Equation 35 is nearly satisfied. The exact 
solution occurs for V = 70,300 volts, which is in fair agreement 
with the observed value of about 71,000-73,000 volts. It is 
slightly lower as it represents a threshold value, while reported 
values are average values.

It should be pointed out that, while the method of solution is 
to some extent graphical, there is no need to plot curves for X 
and a. Their values may be determined at different points in 
the gap and the evaluation of J5 adx may be performed by 
Simpson’s rule. The number of points necessary is governed 
by the rapidity of variation of a. For longer gaps, where the 
field distortion is large, a greater number of points will have 
to be taken than for the short gap where the field is nearly 
uniform.

In the case of the 2.5-centimeter gap under consideration, it 
is sufficient to consider the values of X and a at eight different 
points in the gap. The method of solution is as follows:

1. Determine the ratio X/V at different points in the gap 
from Equations 33 for the particular gap conditions.

2. Take a voltage V and determine X, X/p and thus a at 
the different points.
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be

TABLE VI

Value for Different Values of X

Total = 21.90Total = 21.15

TABLE WI

Quantity X in centimeters

i

Quantity 
in cm

37.7
8.9

36.75
7.5

36.05
6.4

36.05
6.4

36.75
7.5

37.7
8.9

39.8
12.4

The average value of a is 7.475.
We then have for the left-hand side and right-hand side of 

Equation 35

Left-hand Side

aS = 7.475 X 2.5 = 18.69 
logc a.< = logc 11.8 = 2.46

0.3125 
0.408

37.4
8.4

x.............
X/V ........
X/p
V = 70,000 
a.............

X/p I
V = 70,500 j 
a.................

0
0.428

39.5
11.8

35.75
5.8

39.8
12.4

The agreement is seen to be inexact and warrants a slight 
increase in voltage. If we take V = 70,500, the values of X/p 
and a across the gap are as follows:

Right-hand Side

Constant 14.46 
logc Xa = logo 39.5= 3.67 

4 logo p5 = i logc 1900 = 3.77

1.875 2.1875 2.5
0.396; 0.408 0.428

39.5
111.8

1.5625 
0.389

35.8
5.9

35.8
' 5.9

3. Calculate the average value of a across the gap by Simp­
son’s rule and hence the value of P adx.

4. Insert the values for adx, XA, aA, in Equation 35. If 
the equation is satisfied, the value of V is that to give break­
down. If not, other values of V will have to be chosen until the 
final solution is obtained by a process of trial and error.

Sample calculations for the 2.5-centimeter gap will now 
given:

0.625 0.9375 1.25
0.396 0.389 0.386

36.5 j35.8 35.5
7.0 ' 5.9 1 5.4

1.875 2.1875 2.5 
0 . Vi/V, - .

36.5 37.4
7.0 8.4

I
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Total = 21.91Total = 22.46

Left-hand Side

a5 = 7.975 X 2.5 = 19.94
logo ax = logo 12.4= 2.52

Right-hand Side

Constant 14.46 
logo Xa = logo 39.8= 3.68 

4 logo p8 = 4 logo 1900 = 3.77

It is seen that the increase in V has been too great. In other 
words, the correct value of V lies between 70,000 and 70,500 
volts, and is found to be 70,300 volts.

The calculations above show the solution of the breakdown 
equation to be a simple matter and that the value of V can 
quickly be gauged to a close degree of accuracy. While the 
foregoing gap has been divided into equal sections, this need 
not necessarily be done but rests with the discretion of the cal­
culator. The greatest number of divisions should be made 
where the field X and the coefficient a vary most rapidly, i.e., 
near the sphere surfaces. In the mid-gap region sufficient accu­
racy is obtained for less frequent divisions, for not only does a 
vary less rapidly in this region, but also its value is less, and 
thus the relative contribution to the value of J6 adx is less than 
near the sphere surfaces.

d) Calculations for long gaps.—The mechanism of break­
down for longer gaps differs somewhat from that described 
above. As the gap length is increased, the voltage gradient be­
tween the spheres becomes such that the value of a is virtually 
zero over most of the mid-gap region. Electron avalanches origi­
nating at the cathode will not traverse the gap in a compact fila­
mentary manner, but will diffuse in the mid-gap region of low 
field strength. Thus such avalanches will not give rise to posi­
tive streamers at the anode. The positive streamers will now be 
initiated by avalanches which have their origin in the gap near

The average value of a is 7.975.
Substitution in Equation 35 now gives
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the anode surface, and thus more in the manner of the corona 
discharge. The formation of a positive streamer at the anode 
will cause breakdown of the gap provided that the voltage is 
sufficient to produce the streamer and to permit it to propagate 
across the gap. (See pages 84 and 89.) If the gap length is suf­
ficiently increased, a gap length will be reached at which the 
voltage is insufficient to cause such breakdown, i.e., streamers 
will form but will be unable to cross the gap. This accounts for 
the experimentally observed fact that a corona onset with stream­
ers is observed to precede breakdown when the gap length is 
larger than about 8R, where R is the sphere radius.10 For such 
long gaps, the breakdown voltage curve is found to follow that 
for the positive point to negative sphere. The present calcula­
tions are, however, concerned with gap lengths only up to 27?, 
where corona is not observed to precede breakdown. Further, 
up to a gap length of 27? reasonably symmetrical conditions can 
be obtained and the influence of sphere supports and external 
objects on the field will be slight.

The breakdown of a 20-centimeter gap between spheres of 
12.5-centimeter radius will now be considered. The distribu­
tion of X and a across the gap for a potential difference of 
407,000 volts at 760 millimeters is shown in Figure 28 (p. 130). 
It is seen that the value of a is of importance only near the sphere 
surfaces and, as already stated, electron avalanches originating 
at the cathode will diffuse considerably in the mid-gap region. 
We have now to consider the electron avalanches which are 
originated in the mid-gap region close to the anode. Such an 
avalanche will maintain its compact filamentary form and may 
give rise to a positive streamer at the anode. The value of $adx 
for such an avalanche is shown by the shaded area of Figure 28. 
The calculation of the conditions for onset of such a positive 
streamer, and consequent breakdown of the gap, is given by 
the equation

adx + log, = 14.46 + log, -y- + J log, y (36)
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This may be written

(37)

TABLE VO

Value of a In Centimeters

Here a = 1 at a = 2.5.

0
0.0805

43.2
20.4

0.5
0.0746

40.1
13.1

1.0 
0.0694

37.5
8.5

1.5
0.0650

34.9
4.5

2.5 
0.0576

30.9
1.0

Quantity 

a in cm... 
X/V........
X/p ........
a.............

where R is the radius of the sphere in centimeters and a is the 
distance of the point of origin of the electron avalanche from 
the sphere surface in centimeters. For the purpose of calcula­
tion, this point may be taken as that where the value of a is 
unity, though as will be seen later this criterion has consider­
able flexibility. It will be noted that the value of ^^+aadx, as 
indicated by the shaded area of Figure 28, is the same as

adx, where 8 is the gap length. Thus it is clear that the 
calculated potential on the new mechanism will be higher than 
that calculated on the basis that the electron avalanche traverses 
the whole gap to initiate a streamer.

The calculation of the breakdown potential for such gap 
lengths is again performed graphically. However, curves need 
not be plotted but the values of X and a can be determined at 
a sufficient number of points in the gap to enable the calculation 
of ^adx, by Simpson’s rule. The method of solution of the equa­
tion will now be illustrated for the case of the 20-centimeter gap 
between spheres of 12.5-centimeters radius. The value of X/V 
at different points in the gap is determined from Equation 33. 
The values of X/p in Table VIII are those for a potential 
V = 408,000 volts between the spheres.

fB+o adx + Iog0 o-a =14.46+ logc Ai- + | logt. pa
JR P

2.0
0.0611

32.5
1.9

I
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logo ou = logo 20.4 = 3.01

Total = 21.99Total = 22.36

TABLE IX

Value of a In CentimetersQuantity

In this case a = 1 at a — 2.4.

Total = 21.97Total = 21.54

I___

I
0

43.0
19.9

0.5
39.9
12.6

1.0
37.3
8.2

1.5
34.7
4.2

2.0
32.3
1.75

Left-band Side

adx = 7.74x2.5 = 19.35

Left-band Side

adx = 7.34X2.5 = 18.57

2.5
30.7
0.9

Comparison of the two solutions for V = 408,000 volts and 
V = 406,000 volts shows that the correct solution is closely- 
given by V = 407,000 volts.

e) Choice of the lower limit of integration for long gaps.— 
At this point it might be well to consider the seemingly arbitrary 
assumption that the point of origin of the electron avalanche is 
the point where a=l. Clearly some such assumption is nec­
essary in order to specify the value of the term £logcpa. 
However, this term is little altered by variation of the value

a in cm
X/p .. 
a.......

The value chosen for V is seen to be slightly too high to 
satisfy the equation exactly, and accordingly the solution is 
again attempted, this time with V = 406,000 volts.

The left-hand and right-hand sides of Equation 37 are re­
spectively

I

I

rR±a

Right-hand Side

Constant = 14.46 
logo -yf“= logo 43.0 = 3.76 

4 logo pa = 4 logo 1820 = 3.75

Right-hand Side

Constant 14.46
log. = log. 43.2 = 3.76

A logo pa = i logo 1900 = 3.77

rR + a

JR
logo a.< = logo 19.9 = 2.97
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£775 = 22.78 Z?7/5 = 22.68

as compared with the values

£775 = 21.54 7?7£S = 21.97

as given above for the a = 1 origin.
The differences are seen to be slight, and the calculated poten­

tial is altered by no more than 1,000 volts, i.e., by about 0.25

of a. For instance, if we choose a =10.0 cm, ilogcpa = 
J logo 7,600 = 4.46, as compared to 3.75 in the calculation 
for a = 2.4. Thus the change has little effect on the right-hand 
side of the equation for breakdown. The important feature is 
that a be sufficiently large that the value of ^adx has virtually 
reached a maximum. Reference to Figure 28 indicates that 
there is little contribution to the term ^adx, as given by the 
shaded area, beyond the distance 3 centimeters from the sphere 
surface. Such rapid decay in the value of a with distance from 
the sphere means that little difference is incurred in the left­
hand side of the breakdown equation by taking the origin of 
the avalanche as the point where a = 1.0 or 0.1, for the corre­
sponding change in J'adx is slight. However, the nature of the 
breakdown equation is such that even if we take the point where 
a=1.0ora = 0.1 as the origin of the avalanche, the resultant 
effect on the final calculated voltage is trivial.

For example, we may consider the present 20-centimeter gap 
and suppose that the electron avalanche which initiates the posi­
tive streamer has its origin in the center of the gap, so that 
a = 10.0 cm. At this point calculations show that X/p = 20.6, 
a = 0.03, for the applied potential of 406,000 volts, in line 
with Table IX. The increment in §adx between a = 2.5 and 
a =10.0 is found to be 1.24. The value of Jlogcpa is now 
J logo 7,600 = 4.46. Then, for the applied potential V = 
406,000 volts, the new values of the left- and right-hand sides 
of the breakdown equation are
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per cent only. However, it should be noted that some discretion 
has to be exercised, particularly in the case of the more uni­
form field, where a varies slowly and the region of low a may 
make a real contribution to the value of ^adx. It is possible 
that one should take the center of the gap as the origin of the 
avalanche. However, for long gaps it is unlikely that a success­
ful avalanche will form there owing to the low values of X 
and a, and it is thought to be more probable that the avalanche 
which leads to breakdown will be originated in the region 
where a is beginning to be appreciable, i.e., a> 1. Thus, al­
though there is virtually no difference in the final calculated 
voltage on either basis, as seen above, the origin of the ava­
lanche will, in general, be taken as the point where a 1. 
Similar considerations will be found to obtain for the corona 
discharge. The only exception lies in the transition region be­
tween the two types of mechanism for the long and short gaps 
which will be the subject of further discussion.

/) Comparison between theory and observation,—The ways 
in which the breakdown of a sphere gap takes place are seen to 
be dependent on the spacing between the spheres and can be 
grouped as follows:

I. The electron avalanche proceeds all the way across the 
gap from cathode to anode and there forms a positive streamer 
which leads to breakdown. The circumstances leading to break­
down are then similar to those for the uniform gap and occur 
only for spacings in which the variation of field is slight, as 
illustrated in Figure 27. The breakdown voltage is determined 
by Equation 35.

II. The electron avalanche which initiates a positive streamer 
at the anode, and so causes breakdown, has its origin in the 
gap near the anode. Such a case is illustrated in Figure 28 and 
occurs when the voltage gradient varies so much across the gap 
that the value of a is virtually zero over most of the mid-gap 
region. The breakdown voltage is determined by Equation 37.

III. Similar to II, except that the voltage required to pro-
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greater than about 8/?, when corona is observed to appear10 and 
the voltage has to be further raised to cause breakdown.

Between types I and II there is a transition region which is 
of much interest and will be dis­
cussed later. The region III is 
not considered, as it occurs for 
gap lengths much in excess of 
those used for calibration pur­
poses and is, of course, much 
influenced by space charges and 
the effect of external objects on 
the sphere-gap field.

Curves to show the calcu­
lated and measured potentials 
for breakdown between spheres 
of 12.5-centimeters radius are 
given in Figure 29. The experi­
mental curve is that given by

J; 28

J 200--- 1---

duce a positive streamer is less than that required to propagate 
it across the gap. Such a condition obtains for gap lengths 
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TABLE X

MeasurementCalculation

V£3

2.5
5.0

69,400
128,000 (I) 
137,500 (11) 
181,000 (I) 
195,000 (11) 
248,000 
295,000 
348,000 
402,000

198,000
250,000
295,000
350,000
402,000

71,000
137,000

197,000
243,000
284,000
328,000
364,000

73,000
137,000

7.5
10.0
12.5
16.0
20.0

5 cm

70,300 
(130,000 (I) 
7139,500 (ID 
(183,000 (I) 
(197,000 (ID 
252,000 
300,000 
354,000 
408,000

observed
as ob-

The measured values included in Table X are VH, as 
by Hueter13 for the symmetrical sphere gap, and VEs,

Hueter13 for a symmetrical sphere gap, i.e., with voltages 
4~//2 and —V/2 on the two spheres. In region I, for the 
shorter gap lengths, the calculated voltages are in close agree­
ment with experiment up to a gap length of about 4 centimeters, 
when they fall noticeably below the observed values. At a gap 
length of 7.5 centimeters such calculations give a voltage of 
183,000 volts as compared with the measured 200,000 volts. 
However, the value of a is very low in the mid-gap region and 
is less than unity for the central 3 centimeters of the gap. One 
would then expect that breakdown here occurs on the basis of 
region II, and actually calculations on this basis give 197,000 
volts as that required for breakdown. For yet longer gaps, 
where the value of a is still further decreased in the mid-gap 
region, the breakdown mechanism goes over definitely into the 
region II and the calculated curve is seen to agree closely with 
that measured.

The calculated curve above is based on Equations 35 and 37, 
for which the constant term is 14.46. A comparison of the 
calculated breakdown potentials resulting from these equations 
and the equations when the constant term is 12.16 is given in 
Table X. Again the spheres are of 12.5-centimeter radius.
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served by Edwards and Smee.5 The latter observations were for 
the nonsymmetrical gap, i.e., with one sphere earthed, and thus 
it is found that the values VEa fall below those given by VH at 
the longer gaps. Since calculations are made on the basis of a 
field distribution given by Equation 33, which refers only to the 
symmetrical field, the calculated results must be compared with 
the experimental values VH obtained when the gap is more 
nearly symmetrical and less likely to be influenced by external 
objects.

In Table X it will be noted that two values of calculated 
sparking potential are included for the gaps 5.0 and 7.5 cm, 
respectively, i.e., in the transition region between I and II. 
These potentials are calculated on the basis that breakdown 
occurs wholly by either mechanism I or II, and the respective 
potentials are so denoted in the table. While there can be no 
question about the method of calculation for mechanism I, 
where the electron avalanche travels the whole gap from cathode 
to anode, some elaboration is needed of the way in which the 
potential for mechanism II is calculated.

Curves to show the variation of X and a across a 7.5-cm gap 
between 12.5-cm radius spheres are given in Figure 30. The 
potential difference between the spheres is 183,000 volts. It 
is seen that, while the value of a is low in the center of the gap, 
it does not decline so rapidly as in the case of the 20-cm gap dis­
cussed on page 125, and there is no clearly defined termination 
to the value of f“+Radx necessary to the calculation of break­
down potential in mechanism II. Avalanches may be originated 
in the gap near the cathode, may cross the mid-gap region of 
low field strength, and yet may sufficiently retain their compact 
filamentary form to initiate a streamer when they reach the 
anode. For the purposes of calculation, in the transition region 
the voltage V2 (on the basis of mechanism II) is calculated on 
the assumption that the avalanche has its origin at the center 
of the gap, so that f*+R adx is given by the shaded area of Fig­
ure 30. A similar criterion was given for the longer gap of
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20 cm, though there it was shown that there was virtually no 
difference in the calculated breakdown voltage, if one consid­
ered the avalanche to start anywhere between the center of the 
gap or the point near the anode where a 1. Further, in the 
case of the 20-cm gap, there is no likelihood that an electron 
avalanche can traverse the full gap in a filamentary form, as 
is possible for the 7.5-cm gap.

The method of measurement of the breakdown potentials is 
to raise the potential gradually until breakdown occurs. The 
mean of the observed values is then taken as the breakdown 
potential. However, it is clear that the absolute minimum spark­
ing potential is the lowest value observed, provided such a value 
is not absurdly low and due to extraneous influences. Thus it 
is probable that the true minimum sparking potential is lower 
than that usually given by the investigator. In Table X it will 
be observed that, while V14,4e is, in general, slightly higher than 
the measured V H, yet Fi2.i6 is slightly lower. It would then ap­
pear that the more correct value of breakdown potential is
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determined from the equation with the constant term 12.16. 
However, the difference between KiUo, ^12.16, and Vu is well 
within the bounds of variation of experimental results, particu­
larly at the longer gap lengths.

The theoretically predicted transition region between I and 
II is confirmed by observation. Hueter13 found the scattering 
of his voltage measurements to increase to a peak at about 
8.0-cm spacing. Further, Dattan,13 again in measurements 
of the breakdown voltage between spheres of 12.5-cm radius, 
observed a considerable scattering of his measurements in that 
region. The peak value of the scattering was as much as 6 per 
cent, and was greater than 2 per cent for spacings between 
5.25 and 7.75 cm. Reference to Figure 29 shows that this is 
just the region in which such scattering is to be expected on 
the basis of the present theory. For the value of a becomes 
so low in the mid-gap region that the chance of a breakdown 
occurring by mechanism I is extremely remote. Many electrons 
will have to leave the cathode before a particular electron ava­
lanche crosses the gap under such a propitious chain of circum­
stances that it succeeds in giving rise to a streamer at the anode. 
However, if the voltage is raised slightly above that calculated 
by mechanism I, not only is there an increased chance of a break­
down due to an electron avalanche which leaves the cathode 
but also breakdown can occur as a result of avalanches origi­
nated by electrons in the gap itself. Thus the chance of break­
down is materially increased, and while an occasional break­
down may occur at the voltage calculated on mechanism I the 
usually measured voltage will have a slightly higher value. 
Then in the transition region the measured voltage will be in­
termediate between that calculated on mechanisms I and II, 
the actual value of the voltage being subject to statistical varia­
tions. At the lower end of the transition region mechanism I 
will predominate, and as the gap length is increased the method 
of breakdown gradually changes over in a statistical manner to 
mechanism II. It is this statistical fluctuation which leads to
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the large scattering of voltage measurements observed in this 
region.

Calculations of the breakdown potential curves for spheres 
of different diameters have been made and give agreement 
within 2 or 3 per cent of those experimentally observed. Since 
the experimental values given by many authorities do not them­
selves agree to much better than 2 per cent it is considered that 
the theoretically determined values are as satisfactory as the 
present circumstances warrant.

g) The effect of air density.—The variation of sparking po­
tential with pressure for the uniform gap has been discussed in 
previous sections, where it is shown that Equation 24 gives 
breakdown potentials in fair agreement with experiment for 
decreasing pressure down to a value of pressure times gap 
length of about 200 millimeters of mercury times centimeters. 
Calculations have now been made for the sphere gap, and the 
resultant curves for two gap lengths between 12.5-centimeter 
radius spheres for a pressure variation from 760 to 380 milli­
meters of mercury are given in Figure 31. Reference to Fig­
ure 29 shows that the chosen gap lengths of 4 cm and 12.5 cm 
fall into the regions I and II respectively.

300

J__I
700 800

A comparison with experiment is conveniently obtained by 
use of an empirical formula given by Peek,17 which is known
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Vp  V76o\/p re-

Hg. The 
mm Hg, 

takes the

, where Vp and V1G0 are the

to give an accurate representation of the experimental results 
over the range of pressure considered. This formula reads

L\A + 0.54j
spective sparking potentials at pressures p and 760 mm 
density p is the air density at p relative to that of 760 
and R is the sphere radius in centimeters. If one 
breakdown potential at 760 mm Hg as that calculated, which 
is known to be closely correct (as seen from the curves in Fig­
ure 29), the experimentally observed variation of the sparking 
potential for the two gaps is given by the dashed curves in 
Figure 31. There is seen to be close agreement between the 
degree of variation observed and that determined on the basis 
of the new theory, the difference being of the same order of 
magnitude as that to be expected between successive experi­
mental observations.

h) The Toepier discontinuity.—At certain low gap settings 
between spheres a slightly higher potential is required to cause 
breakdown between spheres of small diameter than for larger 
spheres at the same gap setting. This phenomenon, now gen­
erally known as the Toepier discontinuity,18 is frequently re­
ferred to in articles on sphere-gap breakdown, though there has 
as yet been no satisfactory explanation forthcoming. Such an 
explanation is now possible on the basis of the present theory, 
and will be found to be closely related to the transition between 
regions I and II to which reference has already been made.

The effect can be observed in the experimentally determined 
sparking potentials listed by a number of different workers. 
However, owing to the smallness of the effect, it is frequently 
masked by inaccuracies in measurement. The lack of agree­
ment between the measurements of different observers is of 
the same order of magnitude as the effect itself. In the calibra­
tion charts published by Edwards and Smee5 the effect is no­
ticed for a 7.5-centimeter gap, when the breakdown voltages



137THE CALCULATION OF BREAKDOWN

TABLE XI

R “ll

128,000

139,000
137,000
136,000
134,000
116,000

/
7 i

25...
12.5 .
7.5 .
6.25
5.0.
2.5.

3.6
1.8
1.1
0.6
0.1

130,000
136,000

/i

130,500
130,000
126,000
124,600
122,000

ai

2.5
1.5
0.6
0.4
0.25

measured are given as 175, 194, 203, 200 kilovolts for spheres 
of radii 6.25, 12.5, 25, and 100 cm, respectively. The effect 
is more pronounced in the results given by Meador13 for the 
breakdown voltage V M of a 5.0-centimeter gap between spheres 
of different radii, as given in Table XI, where it will be seen 
that the breakdown voltage for the 12.5-centimeter radius 
sphere gap is quoted as some 4.6 per cent higher than that for 
the 25-centimeter radius sphere gap.

The corresponding calculated breakdown potentials are also 
given in Table XI. V1 is the voltage determined on the assump­
tion that breakdown takes place according to region I, while 
Vu is that determined on the assumption of a breakdown in 
region II. aT and aH are the respective values of a in the center 
of the gap that correspond to V\ and Vn, In the case of the 
spheres of 25-cm radius the measured breakdown voltage is 
found to correspond to Fi, which is to be expected since the 
field distribution in the gap is fairly uniform. For the 12.5-cm 
and 6.25-cm radius spheres the measured voltage falls between 
Fx and Fn. This is the transition region, where the lack of uni­
formity of the field in the gap is such that the value of a in the 
center of the gap is very small, as seen by the values of ax and an 
given in the table. For spheres of still smaller radius the break­
down procedure goes definitely over to the region II. However, 
it should be recalled that the calculation of Vn is based on a 
symmetrical field distribution, which is not generally obtained 
in practice for spheres at spacings much larger than their
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7? II
3.65
7.15
11.0
17.0

101,000
191,000
280,000
420,000

2
95,000 
177,000 
261,000 
398,000

ai

0.8
0.6
0.4
0.5

5.0
12.525.0
50.0

V_ 
2

101,000
190,000
285,000
430,000

radius. In general such voltage measurements are made with 
one sphere at high potential V, while the second sphere is 
earthed. Such an arrangement leads to lower sparking poten­
tials than those calculated where the voltages on the spheres are

V Vconsidered as H----- and------- and the effect of objects external
2 2

to the gap is neglected.
The Toepier discontinuity has further been studied in some 

detail by Claussnitzer,18 who observed the effect for spheres of 
radii from 1 cm to 50 cm. He gives values of the gap length 
at which the effect is observable, though the voltages are not 
quoted. These gap lengths 8A- cm are given in Table XII.

TABLE XII

At gap lengths of about 0.5SA he finds that the breakdown 
potential corresponds closely to that for the uniform gap. The 
breakdown voltage between 0.58A and 8A is higher than that 
for the same gap length between spheres of much larger diam­
eter, the deviation being a maximum at about 0.88A-. For gap 
lengths greater than 8A- the breakdown voltage is found to be 
less than for a more uniform field.

The interpretation of these observations is that region I ob­
tains fox' gap lengths up to about 0.58#, and that the transition 
to region II takes place between 0.58# and 8#. Thus at 8# the 
breakdown mechanism should take place according to region II. 
That this is the case is borne out to some extent by comparison 
between the measured and calculated voltages for breakdown, 
as given in Table XII. The measured values VM are those given 
by Hueter.13 It is seen that is in close agreement with Vn 
and is much higher than The values of aL are also included
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dis-

(38)volts/cmV
X logc R/r

in Table XII, for interest, and show that this is the region 
of low mid-gap a when breakdown by mechanism II may be 
expected.

4. Coaxial Cylinders

The breakdown between coaxial cylinders has been observed 
by a number of different workers and a fair amount of experi­
mental data has been published.19 It is thus possible again to 
compare experiment with theory for a nonuniform field in 
which the field distribution is known. As in the case of the 
sphere gap, the breakdown potential is here calculated in the 
case where steady corona is not observed to precede sparkover. 
Such corona discharge leads to considerable field distortion by 
space charges in the gap and complicates the calculations. Thus 
on]y those gaps are considered in which corona is not observed 
and the voltage is sufficient to enable the streamer to propagate 
across the gap immediately when it has formed and so to cause 
breakdown. The cases where corona is observed will be dis­
cussed in a later section.

The voltage gradient between two coaxial cylinders at a 
tance x centimeters from the axis is given by

where V is the potential difference in volts between the cylin­
ders, r is the radius of the inner cylinder in centimeters, and Z? 
is the radius of the outer cylinder in centimeters.

Calculation of the onset of a streamer and the consequent 
breakdown of the gap proceeds much in the manner described 
for die sphere gap under mechanism II, when die central cylin­
der of radius r is at positive potential. Further considerations 
are necessary for the case when the central cylinder is negative 
with relation to the outer cylinder. The case where the inner 
cylinder is positive will be considered first.
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J®+r adx + loge aA = 12.16 + logc (39)i logc pa
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This equation, with the constant term 12.16, will be used 
throughout this section. The variation of X and a in the gap for 
different values of applied potential V are then determined, and 
the particular values which satisfy the equation above establish 
the minimum sparking potential.

Curves which show the variation of X and a 
potential difference of 56,400 volts at 760 mm 
tween cylinders R = 3.81 cm, r=l.ll cm, are given in Fig­
ure 32. The value of a is seen to decrease rapidly with dis­
tance from the surface of the inner cylinder, and the origin 
of the electron avalanche which initiates the streamer may again

The condition to be satisfied is that an electron avalanche 
which arrives at the positive inner cylinder should give rise to a 
streamer. Such a criterion is set by Equation 37, with the con­
stant term 12.16 corresponding to K = 0.1.
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(40)

be taken as the point where a is unity. Beyond this distance 
there is seen to be virtually no increase in the value of Jr+a adx. 
The particular voltage of 56,400 volts chosen in Figure 32 is 
that which leads to the solution of Equation 39 and is thus the 
minimum voltage for breakdown for a positive inner cylinder. 
The observed breakdown voltage for the same gap conditions is 
given by Peek20 as 54,500 volts.

The mechanism of breakdown is different when the inner cyl­
inder is at a negative potential with respect to the outer cylin­
der. In this case the observed breakdown potential is slightly 
higher than that for the positive inner cylinder. It is by no means 
high enough to cause streamer formation at the anode, but it is 
that which causes the onset of an electron avalanche which pro­
ceeds outward from the inner cylinder and gives rise to a retro­
grade positive streamer, as discussed on page 82. When such 
an avalanche-retrograde streamer occurs, the field distortion is 
so great that the negative streamer propagates outward in its 
stepped manner (see page 85) and may or may not be met by 
a positive streamer which eventually develops at the anode 
owing to the induced high field there (see page 92).

It is now necessary to calculate the onset of such a mech­
anism. The variation of X and a across the gap is again deter­
mined for various applied potential differences between the 
cylinders. The equation now to be satisfied is that in which the 
radial field equals the external field at some distance a from 
the inner cylinder. Owing to the rate of decline of a with dis­
tance from the electrode surface, the value of a may be taken 
as that point where a—1. For in the calculations it is again 
found that the term J'r+O adx is the important factor, and that 
the value of a has little effect on the final solution provided it is 
large enough so that the full value of fr+a adx is obtained. The 
equation for breakdown is then

adx + log, <xo = 12.16 + log, ~^ +1 log, pa
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(41)adx = 18.9 + 4 logc (a)
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Solution of this equation for the gap considered above where 
r = 1.11 cm, R = 3.81 cm, occurs for V = 58,500 volts. This 
is 2,100 volts higher than the value calculated to cause break­
down when the inner cylinder is positive.* The breakdown po­
tential observed by Peek20 is 55,500 volts, which is 1,000 volts 
higher than that measured for the positive inner cylinder.

A further comparison between theory and experiment is 
shown in Figure 33. The measured potentials are again due to

a0=l, for which X0/p = 31 at p = 760, the equa-

i60

* The difference for positive and negative wires arises from the fact that the 
f'adx

important parameter is CkEeJo . For the positive wire ax is in a high field and 
is high. For the negative wire ax is in a low field and is-—* 1.

0_ 
0

Peek/1 and are made for the same outer cylinder, R = 6.67, 
but with inner cylinders of differing radii, r. For r less than 
about 1 cm corona is observed to precede the spark. When 
r 1.5 cm, breakdown is found to occur without any corona,
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5. The Variation of Sparking Potential with Initial 
Photoelectric Current

a) Introduction.—The static sparking potential of a uniform­
field discharge gap has been observed to be independent of the

and so calculation and experiment may here be compared. 
Since the experiments were made with A.C. and breakdown oc­
curs at a lower potential when the inner cylinder is positive 
rather than negative, it is considered that breakdown occurs for 
a positive inner cylinder and the calculations have been made 
accordingly. For r = 2.0 cm, the calculated breakdown po­
tential is 90,000 volts as compared to 89,500 volts. The agree­
ment is not so good for r = 3.0 cm, where the calculated and 
measured potentials are 85,000 and 82,000 volts respectively.

The foregoing brief comparison between theory and experi­
ment shows that there is fair agreement in some cases, though 
the discrepancy may be as great as some 5 per cent in others. 
The agreement is thus not so precise as that obtained for the 
sphere gap, and in the cases considered it is seen that the calcu­
lated potentials are higher than those measured. Several fac­
tors tend to contribute to this effect. The air space between 
coaxial cylinders is relatively confined and in the experiments 
there may not have been adequate circulation of air. Thus in 
the gap there may have been a certain amount of nitric oxide, 
etc., which would lead to a lowering of sparking potential, as 
discussed on page 54. Further, the field in the gap may be 
somewhat distorted by space charge and end effects. This is, 
of course, true in the cases of small r where corona is observed 
before a spark occurs, and may also be present to some extent 
for larger r owing to the weak fields at the outer cylinder and 
some ionization by collision before breakdown. Such effects are 
not so important in the case of the sphere gap, where the spac­
ing between the electrodes is much more exposed and subject 
to greater circulation of air.
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intensity of ultraviolet illumination over a considerable range 
of values. Relatively recently it was found to be lowered appre­
ciably when the cathode of the spark is subjected to the intense 
radiations produced by a condensed spark. The lowering ob­
served by White22 for a 5-millimeter gap at atmospheric pres­
sure was as much as 10 per cent. Subsequent experiments by 
other workers23 have confirmed White’s original measurements
io and a curve showing the lowering of 

sparking potential observed by Brink- 
man23 for a gap which required 10 
kilovolts for breakdown at normal 
temperature and pressure is given in 
Figure 34.

In all the experiments the source of 
illumination was an auxiliary spark 
gap, while the variation of intensity 
was obtained by a change in distance 
between the source and the gap under 

observation or by the use of absorbing screens. The equivalent 
value of the photoelectric current, i0, was obtained by measure­
ments of the number of photoelectrons released at the cathode, 
and by assuming the duration of the spark to be —TO"4 sec. 
Clearly such an estimate of i0 is inaccurate and can give only 
the order of magnitude. For i0 varies with time in the passage 
of a single spark and several flashes may occur in a condensed 
discharge when the circuit is not critically damped. No meas­
urements appear to have been made with steady sources of illu­
mination (e.g., the quartz-mercury arc) giving values of i0 much 
higher than about 10"13 ampere per square centimeter of cathode. 

On the basis of the Townsend theory, Rogowski, Fuchs and 
Wallraff24 have shown that the lowering of the sparking poten­
tial with increasing i0 may be accounted for by the presence of 
a space-charge field produced by positive ions in the gap as a 
result of the large difference in mobility between the electrons 
and positive ions. Calculations gave a semi-empirical relation
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It was

which, by adjustment of constants and an assumed variation of 
ion mobility, could be made to approximate the observed experi­
mental data. However, since the Townsend theory is not ap­
plicable except at low pressures and short gap lengths, the varia­
tion of sparking potential with i0 for higher values of p8 re­
mains to be explained. A satisfactory explanation was given by 
Meek25 on the basis of the new theory and will now be described. 
As in the case of Rogowski and Wallraff’s work the primary 
cause of the lowering of sparking potential is ascribed to the 
effect of the antecedent positive-ion space charge and the conse­
quent variation of field in the gap.

6) The theoretical calculation of space-charge distortion.— 
The effect of the initial photoelectric current and its influence 
on statistical time lags have been discussed on page 62. The 
values of i0 there considered are only such as to produce minor 
statistically conditioned alterations of the sparking potential 
and are not sufficient to produce appreciable space-charge dis­
tortion in the gap. However, when one considers a spark gap 
in which there is a large initial photoelectric current, it is pos­
sible that a positive ion space-charge distortion may build up 
owing to the relative mobilities of electrons and positive ions 
before a spark occurs. The existence of such space-charge dis­
tortions was early indicated by Loeb20 and Rogowski2' inde­
pendently as a means by which the second Townsend coefficient 
would be altered in such a way as to increase the ionization and 
thus to further enhance the field distortion. Analyses along 
similar lines were later made by other workers28 in order to 
account for the sparking potentials observed, assuming the 
Townsend mechanism of ionization by positive ions. That such 
space-charge distortions actually occur in the Townsend gaps 
and influence the value of the primary coefficient a in the gap 
was first shown by Posin.29 The rigorous theory for the evalua­
tion of the steady-state field distortion under the ordinary experi­
mental conditions was set up and solved by Varney and co­
workers.30 It was shown that these distortions would lead to
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dis-

Mp+—P-)

The variation of field in the gap is given by Poisson’s equation 

a%
where p+ and p_ are the densities of positive ions and electrons 
respectively. Since j = pv = pkX, where v is the velocity and

— e")

a spark for adequate gap length. Before such gap lengths are 
reached, however, spark breakdown occurs by what we now 
know to be streamer formation.

The theoretically calculated potential for breakdown of a 
1-centimeter gap at normal temperature and pressure without 
space-charge distortion is 32,200 volts, as calculated from 
Equation 24. For this field strength a8 = 18.6, which is then 
the condition for a streamer to form in the uniform gap. If the 
field varies across the gap then a8 must be replaced by adx. 
Thus, in order to evaluate the effect of /0 on sparking potential, 
we must solve the problem of evaluating the space-charge field 
so that the fadx may be calculated. Since the space-charge 
field requires time to build up, the minimum value of the ex­
ternal applied field occurs when the space-charge field is a 
maximum, i.e., after a theoretically infinite time, so that steady­
state conditions virtually apply. We shall then consider the 
treatment of the space-charge field, as given by Varney,30 in 
conjunction with the streamer theory of spark discharge.

Consider two parallel plate electrodes separated by a 
tance 8 and with the cathode illuminated by ultraviolet light, 
which liberates photoelectrically a current density of electrons, 
Jo- At any plane in the gas a distance x from the cathode the 
electron current is given by j = jQeax. The current reaching the 
anode is j = jQea5. Since the total current crossing any plane 
parallel to the electrodes must be constant under steady state 
conditions, the positive-ion current is given by
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X

X/k_ may be neglected with

(42)<1>X ■— ^x„ —

3X

k_

4irjo

k is the mobility (&= 1.6 cm/sec/volt/cm for the positive ions 
at normal temperature and pressure), we obtain

should therefore write
Denote adx by

a.X'dX/'du,—----

^jo 
k+

k+

Now, a/p is a function of X/p, and since X is not uniform 
across the gap when the field is distorted by space charge, we 

for «“ and /£"')

(ead

[xaXdX =

Ydx- 
x

4tt //+ _ 
A+“ 

/ea5 — eaz eaI

~kl

— eaz)

Since k_ is about 300 times k 
respect to 1/Zc+, so that

for eax and e\J° / for ea5. 
uB. Then 'du/'dx — a, and

e
u, and \s adx by 

±7o_(e«s_ e").

Jou(eu- — eu)du

where </>A- = aX dX.

This equation was solved by Varney30 for another purpose 
by the use of a convenient approximation for a/p as a function 
of X/p. A more accurate solution may be made graphically 
for actual values of a and X and will be used later.

c) The calculation of the sparking potential as influenced 
by equilibrium space-charge distortion.—Having outlined the 
nature of the effect of intense initial photoelectric current densi-
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(25)^ = ^, = 5.27 X 10
(*./p)

adx

— volts/cm %

ties /o on sparking potential and having indicated the equations 
giving space-charge distortion, one must now consider the 
method of calculation of the lowering.

It was indicated above that, as in the case of geometrically 
produced nonuniform fields, the sparking potential could be 
calculated from the condition that the streamer tip field X± 
equal K times the existing space-charge-distorted field Xx, at 
some point xs such that streamer formation will lead to break­
down. In equation form this is

The problem is, however, very much more complicated than 
for the case of geometrical distortion where one can at once 
calculate the field, Xx as a function of x, given the applied 
potential difference, V. In the case of the space-charge-distorted 
gap, given an initial current density, /0, the space-charge-dis­
torted field changes for each value of the applied potential, V. 
In ideal outline, the problem of the effect of /0 on Vs consists 
of choosing the desired value of j0 and choosing what might be 
an appropriate value of the potential, F, say Vy. From this, 
then, one should be able to calculate XXi and XA1, the fields at 
any point x and at the anode with the applied potential, V 
From this, one could calculate the value of aAeX a'/J and thus de­

termine the tip field at the anode, Xlr for the avalanche. If this 
is then equal to KXA1, a streamer could form and a spark will 
follow. Obviously one will not be lucky enough to find for the 
first value of V=V1 chosen that X11 = KXAl. The value will 
be either high or low. Then another value of V = V2 is chosen 
and the process is repeated. From the trend of the computed 
values of X19 i.e., X119 X12, etc., relative to KXAl, KXAi at the 
anode a value of V =V8 can finally be chosen that will solve 
the equation.
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</>x = f*aXdX, (j>Xo = f*'aXdX9

Xlx = 5.27X10

u = P adx, and
Jo

for various values of x across the gap to see whether = KX.

u& = P adx.
Jo

Unfortunately, the situation is considerably more involved 
than even this straightforward procedure would warrant. The 
solution of Varney’s space-charge equation does not explicitly 
involve the applied potentials, Vx, K2, etc., across the gap, as 
seen on page 147.

The solution of the equation is expressed in terms of jo/k+ 
and four integrals,

The most convenient way to handle such equations and to asso­
ciate the solutions with V is as follows. Assume the desired 
value of jo/k+ and a sensible numerical value for u^— P adx. 
Then by putting in values of u for various values of x across 
the gap, one may solve the equation for and for (f)x as a 
function of x. This, then, gives the values of the integral ^aXdX 
across the gap as a function of x.

Now from the known variation of a = pf(X/p) at the p in 
question, a can be determined as a f(X) and a curve between 
X and the value of JqA aXdX can be plotted. From this curve 
and the preceding solution of J*2aXdX as a function of x, the 
value of X corresponding to any value of x can at once be read 
off. The relation between X and a then allows a to be evaluated 
as a function of x. The value of f^Xdx then gives the desired 
potential distribution in the gap and Xdx = V the applied 
potential. Hence one can correlate the value of V19 X and a 
with u5 for any value of jQ/k+.

In order to apply the theory for the spark, the equation must 
be solved by calculating

I adx 
a^eJ« 
(x/p)*
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After considering the conditions for undistorted plane-paral­
lel gaps, one would be inclined to look for values of u5 and 
hence Vx and XAl at which 

f5 I adx 
a6eJ°

(8/p)%
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Again, however, the situation is not as simple as this pro­
cedure indicates. For it happens that the effect of the change 
in distribution on a is very drastic and that accordingly the 

value of 0^° ° r varies in a complex fashion across the gap. 
That this must be so is readily seen by reference to the Fig­
ures 35a, 36, 37, 38, 39, 40, and 41. Figures 35a and 355 
give the values of aXdX in air at 760 mm for fields ranging
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from 60 to 160 e.s.u. per centimeter, used in calculation. In Fig­
ure 37, curves I, II, and III show the potential distribution as 
a function of x in the gap for the same /0 = 7.5 X 10 13 am­
pere per square centimeter but three different values of V 
(31,600, 30,700, 29,800 volts, at 760 mm pressure, respec­
tively) giving three different densities of space charge. Curve I 
is for the undistorted gap, curve II is for the slightly distorted 
gap, and curve III is for the badly distorted gap. In Figure 38, 
curves I, II, and III, respectively, show the values of the field 
strength Xx in the gap as a function of x corresponding to the 
curves in Figure 37. In Figure 39, curves I, II, and III, respec­
tively, show the corresponding variation of a with x across the 
gap. In Figure 40, curves I, II, and III, respectively, show the 
corresponding values of J* adx across the gap, while in Fig­
ure 41, curves I, II, and III, respectively, show the correspond­
ing variation of

across the gap, or better the computed value of K = Xx/Xx, cor­
responding to the curves I, II, and III of Figure 37.

Now it is at once seen that for the undistorted gap the im­
portant increase in K occurs at the anode. In the case of the 
slightly distorted gap the important increase of K occurs at 
0.60 of the way across, while in the badly distorted gap the 
increase in the tip field occurs at about 0.3 of the way across. 
The curves furthermore show rather peculiar relations that 
appear inconsistent. Thus at constant jQ/k+ it is observed that 
the potential of the anode for the undistorted gap is 31,600 
volts, while for the slightly distorted gap it is 30,700 and for the 
strongly distorted one it is 29,800 volts. This arises from the 
fact that we solve for V from the space-charge equation for cer­
tain values of 115 = f5adx. The value of u5 for the curves

5.27 X 10’7 a
Xx(x/p\A
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0.1 
streamer will form and start back

labeled I is 16.4, for those labeled II is 18.5, and for those 
labeled III is 19.6. Now all that these curves represent are 
solutions of the equation relating u^ j0, and V at equilibrium. 
They indicate that for a given j0 a large u5 corresponds to a 
space-charge-distorted gap and is thus associated with a lower V. 
It does not predict that physically a larger V will produce a 
smaller space-charge distortion. It gives merely the value of 
V associated with a given u5 and /0 at equilibrium. Of this more 
will be said later.

One must now regard the result of this calculation as it af­
fects the value of Vs. In the undistorted gap the avalanche must 
cross the gap and start an anode streamer so that XY = KXA 
fixes the condition for a spark. In the space-charge-distorted 
gap it is seen that the achievement of the sparking criterion may 
occur before the avalanche has crossed the gap. Thus referring 
to Figure 41 it is seen that if the space charge conformed to that 
in the curves labeled II the condition K = 0.1 would be reached 
at % = 6.0 mm and if it conformed to that in the curves labeled 
III it would occur at x = 3 mm. Now, in general, when K 
it has been assumed that a 
for the cathode. Hence, in both the distributions above mid­
gap streamers could progress. Such streamers produce axial 
field distortions as do mid-gap streamers in overvolted gaps. 
Obviously these wipe out the existing distortions creating their 
own. If the new field distributions are adequate to propagate 
streamers, the gap will break down. It is probable that in both 
gaps the space charges indicated will propagate streamers and 
so distort the gap that a spark could follow. At potentials be­
low 29,800 volts this may no longer be true.

The question then arises which value of V for these or other 
distortions one should choose as V8. It is obvious that there are 
still lower values of V corresponding to higher values of u& for 
which streamers may also form. How far down increases in iz5 
will cause a lowering of V cannot be determined since the meth­
ods of calculation cease to be accurate much above u« = 22.
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Whether the theory has any lower limit to values of V is thus 
not known. There will be, however, limits to the character of 
the field distortions which can permit streamers to cross the gap 
and give sparks. Were these known, the value of V correspond­
ing could be used to calculate Vs and this value could be used 
as a sparking threshold. Since there is no known lower limit 
this criterion is useless.

The question of the evaluation of breakdown voltages for the 
equilibrium field is, however, even more futile than indicated 
above. All these values of V are calculated for processes which 
are highly ideal with no loss of charges from the gap. They 
also envisage an indefinitely long time to achieve. Thus, for 
example, whether at the lowest potential 29,800 volts, the space 
charge could be built up at all with /0 = 7.5 X 10-13 ampere 
per square centimeter may well be raised. The high densities 
of charge create lateral fields in the gap so that dissipative and 
diffusive losses become large. Factors such as recombination 
also cannot be ignored with an infinitely slow growth to the 
equilibrium condition. Take, for example, the increase of space 
charge above for the first crossing of positive ions. The first 
positive-ion group from this initial burst of electrons corre­
sponding to /o will in 10“5 second raise the field at the cathode 
by 0.03 per cent. Later bursts increase the field even more 
slowly. It is thus doubtful whether the spark will be observed 
at this value of V = 29,800 volts. It is clear that at the higher 
value of V = 30,700 volts the accumulation of space charge 
might conceivably be fast enough to give a spark under these 
conditions within a reasonable time despite losses. Unless the 
losses are known this is only conjecture. Thus it is impossible 
to fix the lowered value of V8 from any theoretical computations 
except in order of magnitude.

Experimental studies have not to date been carried out on 
the lowering of V8 through /0 under equilibrium conditions. The 
photoelectric intensities for ordinary surfaces with steady 
sources of ultraviolet light are incapable of giving adequate
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values of jQ. It is possible that by the use of specially sensitive 
alkali metal surfaces one could achieve adequate values of jQ 
with steady light sources. Unfortunately these alkali surfaces 
tend to contaminate the gases with easily ionizable impurities 
which alter a materially. Thus the chance for a rigorous solu­
tion of the effect of j0 on Vs by means of the equilibrium space­
charge distortion either from theory or experiment appears 
hopeless.

Theory does, however, indicate that, at values of /0 in the 
neighborhood of 10"12 ampere per square centimeter in air at 
760 mm pressure, space-charge distortion may begin to lower 
V8 by measurable amounts. It indicates that this lowering ivill 
rapidly become larger the higher jQ and that the lowering of V 8 
actually observed will vary with the gap geometry and the time 
taken for the space charge to accumulate and the spark to 
appear.

If the potential is gradually raised from very low values, then 
sparks will appear below the normal threshold at lower values 
the greater /0. The lowering will, however, not be very great 
near the limiting practical current density with usual losses of 
ions at /0 — 10"12 ampere per square centimeter. If a potential 
V less than V8 but not lower than the minimum VM for accumu­
lating space charge with losses be suddenly applied, a spark 
will break as soon as the distortion has reached the appropriate 
value for a streamer. This may occur somewhat before the 
equilibrium distortion is achieved.

d) The time of development of a space-charge conditioned 
spark and values of V8 in short time intervals.—It is now fitting 
that one consider how fast such a space charge can accumulate 
in the field, given a potential VT below V8 but above VM. It will 
be seen that by using an appropriate method applicable to the 
study of the distortions produced by successive waves of posi­
tive ions in transit the lowering of V for various values of /0 can 
be estimated for time intervals comparable with those studied 
by White22 and Rogowski and Wallraff.23
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>

X1 = 5.27X 10'7a
f adx

(*/p)%

If after 1, 2, 3, or n waves of ions this integral is such that the 
field X{ = KXx in the gap, we can determine the value of XA, 
Vs, and time of breakdown t = ni,. In this general way a study 
can be made of Vs as a function of y0 keeping t of the order of 
the value t — 10 5 second used by White22 and Rogowski and 
Wallraff.23 The method has the advantage that one sees the 
space charge build up and can determine at what point the 
breakdown condition is met. The method is inapplicable to any 
very large distortions and is at best only approximate.

It has already been pointed out in connection with Figure 38 
that the field strength across the gap varies linearly with distance 
from the cathode except for a small region close to the anode. 
It will here be assumed that the variation is a completely linear 
one from cathode to anode. Then the externally applied field 
strength XA will be increased by an amount AX at the cathode 
owing to the positive space charge in the gap and will be de-

The principle of the calculation is simple. One can calculate 
the number of electrons released by /0 in ti9 the time of crossing 
of the positive ions from anode to cathode. This gives the cur­
rent density of positive ions produced by cumulative ionization. 
The field distortion produced by this wave of positive ions in 
transit can be assumed linear to a fair approximation. This 
then produces an altered field in which the second avalanche of 
electrons from a burst of ionization /0 for a second period is 
moving. Obviously this will alter a over the gap and increase 
the number of positive ions in a second wave of ionization. 
Hence a new calculation of the field distortion can be made. In 
this way the distortion can be computed for successive waves of 
electrons and ions in successive intervals of time Now assum­
ing the field linear for these few waves, one can readily calcu­
late the new value of 10 adx and of
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creased by the same amount AX at the anode, as indicated in 
Figure 42. A further approximation is that the positive ions 
are all considered to occur at the anode and to travel the full 

gap. This is of course not true but 
causes little error, for, owing to the 
exponential character of electron 
ionization by collision, the bulk of 
the positive ions are produced in a 
small region close to the anode. 
Further, it will be assumed that the 
density of positive ions in transit in 
tlie gap is uniform. This is again an 
approximation, for the ions which 
are about to reach the cathode will 
have been formed a time, seconds 
before those which are just leaving 

the anode, where is the time of transit of positive ions across 
the gap, while the field will have changed during that time. Thus 
the density of positive ions near the anode will be slightly greater 
than that near the cathode on account of the fact that the field in 
the gap, and therefore jj5 adx, has meanwhile been augmented.

The calculation of AX due to space charge may be made by 
means of Poisson’s equation. The number of positive ions 
leaving one square centimeter of the anode per second is 
Joe"1 X 3 X 10°/e where /0 is the photoelectric current at the 
cathode in amperes per square centimeter, ux = f6 adx, and e 
is the electronic charge in e.s.u. The time of transit of positive 

g
ions across the gap is ti = 8/v = ——, where v = £. X is the 

k+X +
mean velocity of the ions. In these calculations it will be con­
sidered that the value of X used to determine v will be the mean 
value of X for the gap, i.e., X = XA = VA/8. Then the density 
of positive ions in the gap at any instant is

^ — 70^X3X10° 8 1
e k+XA 8
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The value of &X is then given by

2 A X = J° ^irpdx = 47rA^e8 = 4tt e.s.u.

AX = I877 X 1011 volts/cm (43)

per sec/volt per cm, then for a gap length

AX = 3.54X 10 (44)

7o^X3X1O9 8 
k+XA

Since k+ = 1.6 cm 
of one centimeter

jpeU18 
k+XA

for a,

,12 Jq6Ui 

XA

The determination of the time lag to breakdown can now be 
made for any particular values of jQ and V A, the applied poten­
tial. The value of VA fixes the field strength XA of the original 
undistorted field. The original value of ux is ad, where a cor­
responds to the field strength, XA. On this basis the value of AX 
due to the first “wave” of positive ions which fills the gap can 
be determined. The distorted field gives rise to a variation of a 
across the gap as indicated in Figure 42. From such a curve 

the value of fsadx can be calculated. This will give a 
value, u2, greater than the uY above, owing to the fact that X 
varies linearly across the gap and a increases with X in such a 
manner that 32a/3X2 is positive.

If u2 is still smaller than u5, the value of [5 adx required for 
streamer formation, the quantity u2 is substituted for zzx in the 
expression for AX to give a new value of AX. The variation of 
a across the gap is then again obtained, and the new value of 
J^adx = u3 is determined. If u3 is still less than u5, the process 
is repeated until equality is reached. The time lag to breakdown 
can then be estimated roughly by the number of successive steps 
required. For the time required by a single positive ion to cross 
the 1-centimeter gap is approximately l/k+X ^2 X 10"5 sec, 
where &+ = 1.6 and X = 31,600 volts/cm. Then if S is the
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number of steps in the calculation, the time lag to breakdown is 
approximately 2 X 10'y S sec.

A number of calculations have been made to determine the 
voltage which will cause breakdown in a time of the order of 
2 X 10"° sec for various values of jQ.

The calculation was made using the value of K = 0.1 for a 
single wave of positive ions crossing the gap. For a given j0 
various values of V were applied and the field distortion was 
computed starting with XA — V/8 in each case. For these dis­
torted fields the quantity was determined for several points 
across the gap. It was found that jo — 10’11 ampere per square 
centimeter for a certain value of V the space-charge distortion 
for one avalanche nearly gave X1 = KXA with K = 0.1 at the 
anode. For a value of V about 0.2 per cent greater the value of 
2C=0.1 was reached 7 millimeters from the cathode. Thus a 
single wave of positive ions in about IO-5 sec produced a field 
distortion so that the avalanche crossing the gap was just able to 
form an anode streamer and give a spark. A very slightly higher 
voltage would have caused a mid-gap streamer and breakdown.

When /0=10’8 ampere per square centimeter the distortion 
caused at a value of V very near but below breakdown is already 
so great that K shows very little increase and even a decrease 
near the anode and is just short of 0.1. As soon as a value of 
V is applied which in one wave of positive ions can give 
K = 0.1 anywhere in the gap this value of K will be achieved 
in mid-gap. Hence, for such high values of /0 breakdown when 
it takes place even in the shortest time intervals does so via a 
mid-gap streamer.

It is seen that this treatment of the problem leads to break­
down at any potential above a very sharply defined threshold. 
This differs markedly from the case with the equilibrium field. 
In the case where breakdown is created by a field distortion pro­
duced in one to a few waves of positive ions the value of the 
initial field is important not only in determining the time ele­
ment but also in establishing a spark. In the case of the equi-
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TABLE XIII

Quantity

IO"14
31,600

io-u 
31,600

Vaiucs of Current Density in 
Amperes per Square Centimeter

10"u 
31,350

IO’8
28,850

7o IO’10
30,650

librium field the final potential causing breakdown at infinite 
time is associated with a /0 and breakdown space-charge distor­
tions are independent of the initially applied potential. The 
latter determines only how fast the field builds up. In the more 
practical case the potential applied determines whether or not 
breakdown can take place within a short specified time interval. 
Thus in this rather crude procedure for calculating the break­
down we find that breakdown achieved with heavy photocurrent 
densities within — 10";’ second can have sharply defined lowered 
values of the sparking potential.

A series of values of V8 computed for a one-centimeter gap 
in air with various values of jQ are given in Table XIII.

It is seen that a lowered spark breakdown begins well above 
j0 = 10"12 ampere per square centimeter, and the lowering even 
at 10"11 ampere per square centimeter is not more than 1 per 
cent. One may compare these calculations with Brinkman’s ob­
served results shown in Figure 34. It is seen that the observed 
lowering of the breakdown potential occurs at somewhat smaller 
current densities than those computed above. Since the time 
duration of the intense illumination in Brinkman’s spark is un­
certain by nearly an order of magnitude, his estimated value of 
/o can be considered uncertain in an equal measure. It is to be 
noted also that the observed lowering of V8 is somewhat greater 
than that calculated above. This need not surprise one since in 
actual periods where /0 can run for 10’5 to 10"4 second there 
can be several waves of positive ions so that the spark can occur 
for somewhat lower values of the applied potential. Attempts
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6. Corona Discharge and Streamer Formation

to calculate the lowering on successive waves of positive ions 
show that the effectiveness of successive waves in altering the 
space charge and lowering Vs rapidly decreases after the first 
few waves of positive ions. Hence the effective lowering of Fa, 
and thus of the observed sparking potential, occurs in the first 
few avalanches within short time intervals.

One tiling is clear, however, and that is that even on the crude 
calculations above the predicted lowering of the sparking poten­
tial with the streamer theory and the observed lowering are not 
seriously different. It is probably futile, in view of what has 
been said both as to the uncertainty in experiments and the diffi­
culties in the application of the theory, to strive for much better 
agreement at this time. One may, however, leave the subject 
with the feeling that the effect of dense photoelectric currents 
from the cathode in lowering the sparking potential is qualita­
tively in agreement with the streamer mechanism and certainly 
offers no obstacle to its acceptance.

a) Introduction, — Although corona discharge has been 
known from earliest times (as witness Pigafetta’s description of 
St. Elmo’s fire on Magellan’s voyage around the world), it has 
been little understood until relatively recently.31 It has been 
studied primarily by engineers in connection with practical 
problems, so that, while some of its aspects were known, even the 
very different corona types were not clearly recognized and 
differentiated. Probably the greatest drawback to an adequate 
development lay in the inadequate D.C. power sources. Thus 
much of the corona study has had to do with alternating current. 
Another difficulty has lain in the lack of proper oscillographs 
for its study. Thus more recently with adequate aids much 
progress has been made in the study of the mechanisms at work. 
These have been found to be remarkably diverse.

Properly speaking the corona is not a spark discharge and



163THE CALCULATION OF BREAKDOWN

should not be discussed in this text. In most aspects the corona 
discharge is a more or less reversible breakdown caused by 
intense localization of fields in the neighborhood of conductors 
of relatively small radius of curvature at high potentials. It 
appears as a multiplication of ions in the high field regions by 
the various mechanisms possible, until with adequate densities 
of these multiplicative processes which are achieved as the fields 
increase they remain self-sustaining. There is no irreversible 
aspect to these phenomena at some particular threshold as in a 
spark. It is then not surprising that in the main the whole be­
havior of the corona is governed by the space-charge-distorted 
fields resulting from gap geometry.

On the basis of fundamental mechanisms one must differen­
tiate the positive- and negative-point coronas. Not only that, but 
one must recognize that these will vary with the point size. For 
example, the phenomena about points of less than 0.1 mm in 
size for both signs will suffer restrictions as to possible occur­
rences not exhibited by larger points, owing to the restricted 
volume of high field regions. Thus neither positive streamers 
nor the avalanche-retrograde streamers can occur from such 
points.

For somewhat larger points both the so-called burst pulses in 
positive corona (lateral spread of the discharge over the point), 
and streamers are possible. The streamers occur at the same 
potentials as the burst pulse spread but in contrast are immedi­
ately choked off by space charges that accumulate farther out 
in the low field regions of the gap. Hence the real self-sustaining 
corona onset occurs as the steady burst pulse glow over the 
point and streamers disappear. Only at higher fields do stream­
ers succeed in again forming. They then cross the gap and cause 
breakdown. For such points the negative corona has a totally 
different form. If conditions are right it forms an active spot on 
the cathode, the secondary emission by positive-ion bombard­
ment and photoelectric emission giving a finite y are adequate, 
and one has a Townsend-like breakdown. The discharge actually
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resembles a glow discharge on a small scale. If negative ions 
form out in the gas the Townsend-like discharge may become 
quite rhythmic, giving the periodic Trichel pulses. The frequency 
of these depends on the time of clearing of the negative and 
positive-ion space-charge fields. When active spots do not form, 
the corona is composed of very irregular bursts of Townsend 
discharge that are frequently interrupted. The Trichel pulses 
require triggering electrons at the cathode and the formation of 
negative ions in low field regions of the gap. The frequency of 
these depends on the time of clearing the negative- and positive­
ion space-charge fields.

As the electrodes become still larger the field gradients are 
such as to favor streamer mechanisms from both electrodes. The 
positive streamers emerge but cannot at first cross the gap. The 
negative points have multiple active spots with incipient electron 
avalanche-retrograde streamer processes. These have been ob­
served to develop in points of intermediate size. At sufficiently 
high fields both of these streamers tend to propagate across the 
gap to give spark breakdown as shown on page 89. This process 
is enhanced by high pressures for reasons given. Here again the 
space-charge fields in the gap play important roles. Except as 
geometrical form alters space-charge accumulations it appears 
that corona discharges are much the same whether they be from 
points or coaxial cylinders. For calculations with no space­
charge distortion cylinders are simpler systems. For experimen­
tal study the multiplicity of active spots on cylinders compli­
cates observation and points are preferable.

From the antecedent case of the effect of a space-charge-dis­
torted gap on streamer formation and sparking potential one can 
see the difficulties inherent in the study of many of the corona 
problems. Since these problems do not involve the spark dis­
charge proper and are largely insoluble with present-day infor­
mation they will not be discussed.

There is one set of observations on corona, however, that are 
of prime interest in spark discharge. The streamer process un-
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derlying the spark-discharge theory presented in this book ap­
pears in controllable form in the positive point-to-plane corona 
of proper type. In fact it was the observation of these corona 
streamers that led the senior author directly to the streamer 
theory of spark discharge.31 Since the corona streamer can di­
rectly be observed, isolated, and studied, the onset of corona 
streamers has great interest for the student of spark discharge.

Before Meek32 had evolved his condition for streamer propa­
gation, the senior author recognized the importance of the 
streamer for spark discharge. He gave to K. S. Fitzsimmons1 
the task of evaluating the anode and gap fields at streamer onset 
quantitatively with confocal paraboloid electrodes in air. This 
was in the hope of getting a clue to the criterion of streamer for­
mation. Some difficulties were encountered initially due to 
changes in the humidity of the air and worse ones with accumu­
lations of nitric oxides in the more confined gaps. Proper venti­
lation of the gap with dry air gave consistent results. The fields 
for the onset of streamers in the gaps as a function of distance 
from the point were measured and computed for four different 
gaps. The curves fell on each other within the limits of error, 
thus showing that the streamers indeed depend on the field dis­
tribution in the gap for their formation.

These results, owing to the experimental difficulties en­
countered, were delayed well past the time of development of 
the quantitative theory for streamer growth and spark discharge 
by Meek and Loeb.32 Thus as soon as the fields were calculated 
by Fitzsimmons1 from his data there were available reliable 
figures for a crucial test of the streamer theory. In what follows 
this test will be applied.

In nearly all previous computations the value K = 1 has been 
used, although it was earlier recognized that a value & = 0.1 
was probably more accurate as indicated on page 118. Thus, in 
the comparison of theory and experiment to follow, the streamer 
theory for spark discharge will be applied to the streamer ap­
pearance in corona breakdown for the confocal paraboloid gap
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(45)

volts/cmX = (46)V
Z log b/a

Joa adx + logc ax = 12.16 + logc + J logc

Here a is the distance of the point of origin of the avalanche 
from the electrode surface in centimeters, XA is the voltage 
gradient at the electrode surface, aA is the value of a which cor­
responds to XA. The value of the constant term, 12.16, is that 
of the “corrected” breakdown equation (see page 119), and is 
used throughout this calculation.

Since corona discharge occurs only in nonuniform fields, 
calculations are limited to those fields in which the potential 
gradient is capable of evaluation. This is possible in the case 
of electrodes shaped in the form of confocal paraboloids. The 
potential gradient along the line of foci is given by

where V is the potential difference in volts between the elec­
trodes, a and b are the respective focal lengths of the two pa­
raboloids in centimeters (b > a), Z is the distance of the point 
under consideration from the focus of the inner paraboloid 
where b^> Z^> a.

The measurements of the onset potential for streamers in 
the case of confocal paraboloids in dry air at 760 mm pressure 
made by Fitzsimmons1 yield the following data. The potential

using as a criterion the equation involving the constant setting 
K = 0.1.

6) Positive corona.—Streamers are formed at a positive 
electrode when the field distribution is such that an electron 
avalanche reaching the electrode produces a radial field of the 
order of the external applied field at the surface of the electrode. 
The criterion for streamer formation, as given on page 45, is 
that
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gradient in the gap for paraboloids with a = 0.009 cm, 6 = 5.0 
cm at the streamer-onset potential, is shown in Figure 43 as ob­
served by Fitzsimmons. The corresponding curve for a is also 
given. It is seen that here the origin of the avalanche may be 
taken as the point where a — 1, as indicated on page 127, for 
again the rate of decay of a is so rapid that there is virtually no 
contribution to §adx beyond this point.

Such experiments thus give actual data with regard to the 
values of XA, aA and p adx for the onset of streamers. Substitu­
tion of these data in Equation 45 then forms a check on the 
theory. The results of such substitution are shown in Table XIV, 
by a comparison of the respective values of the left-hand and 
right-hand side of the equation for various values of b used by 
Fitzsimmons.1

It is seen that Equation 45 is closely satisfied by the experi­
mentally observed values. The actual voltage Vo which would 
have been computed from the equation is also compared with
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TABLE XIV

& cm Difference

Az = (38)

the measured value VM in Table XIV, and the maximum devia­
tion is seen to be some 3 per cent. Since the agreement is within 
the experimental uncertainty and within the limits of uncertainty 
in the constant of the equation, the experiments appear to justify 
the use of Equation 45.

2.0.
3.0
5.0

-0.94
-0.37
+0.60

c) Corona onset in concentric cylinders undistorted by space­
charge accumulations.—Another type of nonuniform gap which 
has been the subject of much experimental investigation is the 
coaxial cylinder electrode arrangement. Here the potential 
gradient, as given on page 139, is

Left- 
Hand 
Side

18.19 
18.80 
19.83

Right- 
Hand 
Side

19.13
19.17
19.23

vc -

per cent

+2.9 
+0.5 
-1.8

V 
x logc R/r

For such a gap it has already been shown that complete break­
down occurs before corona is observed if the radius r of the 
inner cylinder is large enough in comparison with R. When r 
is small, however, a glow round the inner cylinder is seen to 
occur before the breakdown potential is reached. In most of 
the experiments with coaxial cylinders the onset potential for 
this glow discharge is quoted, and the onset potential for stream­
ers is not given. The glow probably corresponds to the steady 
self-sustaining burst corona observed by Trichel and Kip31 
rather than to the intermittent burst-corona or pre-onset stream­
ers. In this case also the gap is already somewhat fouled by 
space charge. One may then expect the measured voltage to be
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1

I

slightly higher than that required for pre-onset streamers. Actu­
ally it is found that the calculated onset potential, which is that 
for streamer formation, is slightly higher than that given by the 
experimental data.

The observed onset for corona has most certainly been 
lowered by the presence of nitric oxides, a fact hitherto ignored 
and whose importance has only recently been emphasized by 
Haseltine1 on plane gaps and Fitzsimmons1 in corona. The dis­
crepancy observed is of proper magnitude and sign to be ac­
counted for in this fashion.

Calculations are carried out on the basis of Equation 39 in 
the manner indicated on page 139 for the complete spark break­
down between concentric cylinders. In this case, however, the 
voltage required to cause the onset of a streamer is insufficient 
to propagate it across the gap to cause breakdown. Again, owing 
to the rapid rate of decay of a with distance from the inner 
cylinder, the origin of the avalanche may be taken as that point 
at which a 1.

The results of calculations for R = 6.67 cm and various 
values of r are given in tlie curve of Figure 33. Corona precedes 
breakdown for r up to —1 cm and thus it is only this region in 
which we are interested. It is seen that the calculated values are 
some 5 per cent higher than those measured, but the general 
trend of the two curves is tlie same. Again this may in part be 
ascribed to oxides of nitrogen. The percentage deviations be­
come tlie greater as the radius r is decreased. This cannot be 
due to nitric oxide accumulation. The effect of space charges 
is, however, completely ignored in these calculations, and since 
these are seriously affected by changes in geometry the whole 
difference could be due to this circumstance.

d) Negative corona.—Calculations for the negative corona 
discharge are made on the assumption that an electron avalanche 
starting from the cathode should produce a radial field of the 
order of the external field at some distance a from the cathode. 
A retrograde positive streamer will then be formed and will
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(47)

(48)

traverse the distance back to the cathode. Such retrograde posi­
tive streamers have been observed by Kip. The equation for 
such a process is

This is the same equation as that derived on page 141 for break­
down between coaxial cylinders. In the present section, how­
ever, we are considering the case where the curvature of the 
electrode is sufficiently small so that corona discharge is ob­
served to precede breakdown. Calculations show that the poten­
tial for the onset of the negative corona is some few per cent 
higher than that for positive corona on the same electrode, in 
accordance with observation.

Unfortunately there is little experimental data for the nega­
tive corona except in cases where the field distribution is not 
known too accurately. A certain amount of information has 
been published for the coaxial cylinder arrangement. However, 
in general, this information concerns the onset of corona for 
inner cylinders of very small radius, ^0.1 cm or less, where 
other considerations have to be taken into account. If we con­
sider r = 0.13 cm, 7? = 3.81 cm, the onset potential for corona 
discharge is given by Peek20 as 25,200 volts. This corresponds 
to an X/p of 76 at the surface of the inner cylinder. For smaller

where XQ and a0 are the value of X and a at the point distance a 
centimeters from the surface of the electrode. As in the case of 
complete spark breakdown (see page 141), the value of a can 
be taken as that where 1, for the rate of decline of a is rapid 
and the value of adx has virtually reached its final value in 
the distance where a 1. The value of X/p = 31.0 gives 
a =1.0 at p = 760 mm Hg. Substitution of such values in 
Equation 47 makes

adx = 18.9 + ilogc (pa)

adx + logc a0 = 12.16 + l°gc + J l°gc Pa
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values of r the value of X/p at the surface will be still higher. 
Now experiments by Bowls4 have shown that the secondary 
ionization coefficient y becomes measurable for X/p > 60. Thus 
the negative corona discharge under such conditions is gov­
erned by the Townsend mechanism. Positive ions around the 
cathode will be accelerated in the high fields and will liberate 
secondary electrons from the electrode surface. Such a mecha­
nism obtains in the case of fine points and wires of small diam­
eter. It leads to a corona-onset potential lower than that calcu­
lated by Meek’s equation. In fact it lowers the negative corona 
potential below that for the positive corona when very fine points 
are used.

Curves to show the onset potential of corona for an outer 
cylinder of 3.81-cm radius and inner cylinder of different 
radii r are given in Figure 44. The experimental curve I is that 

observed by Peek20 for the steady-glow 
corona. Curve II gives the calculated 
onset potential for streamers to form 
and is seen to lie above I. Curve III is 
obtained from the Townsend criterion 

f ° adx
ye Jo a * = 1. Since y is not measurable 
for X/p < 59, it is considered that for 
larger values of r the potential of the 
conductor has to be raised until a value 
of X/p = 59 is reached at the surface. 
It will be observed that curve III lies 

below the measured curve for small r but rises to cross it at 
r—0.5 cm, and thereafter the potential increases above that 
measured. It crosses the calculated streamer-onset-potential 
curve at r—0.8 cm. One may then consider the Townsend 
mechanism to obtain in the case of negative corona discharge for 
conductors of small radius of curvature where corona does not 
occur until the field at the surface is given by X/p = 60 or more. 
For electrodes of larger radius of curvature the streamer 
mechanism becomes the more important.
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tive-point breakdown, 90, 91
Anode streamers, 30, 59, 83
Avalanche advance to give retrograde 

streamers, 82, 83, 99, 101, 102
Avalanche:

anode space-charge field caused 
by, 34, 37

definition of, 6, 34
docs not constitute breakdown, 35 
electron, 6, 34
radius of, at anode, 34, 114 
retrograde - streamer mechanism, 

vii, 80, 82, 87, 88, 102
velocity of, 34, 39, 48, 61, 96, 102 

Axial field in sphere gap, 120

B
Branching in spark discharge, 58, 66 
Breakdown, between coaxial cylin­

ders, 139
Breakdown of space - charge - dis­

torted gap, vii, 6, 13, 15, 25, 27, 
55, 57, 144, 145, 157, 162; poten­
tial (see Calculations of break­
down potential; Spark break-
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E
Electron avalanche, 6, 34
Electron diffusion, 25, 34, 75
Electron mobilities, 35, 44, 145
Electron movement and spark theory 

at high p6, 30
Electron “temperature,” 43
Empirical nature of Townsend’s 

sparking criterion at high p8, 9, 
10, 53

Empirical sparking equations, 10, 53, 
73, 118, 120, 136; reason for suc­
cess of, 10, 53, 118

Equilibrium space charge, 148

Conditions for streamer formation, 
41, 45, 50, 71, 75, 78, 80, 82, 84, 85, 
88, 93, 95, 108, 118, 140, 148, 149, 
165, 166, 170

Confocal paraboloid gaps, 166; co­
rona onset in, 168

Conventional sparking potential, 15, 
34, 54, 58, 109

Corona:
burst pulse, of Trichel, 87, 163 
in confocal paraboloids, 165 ff. 
negative, 88, 163, 169
onset of, in concentric cylinders, 

168
positive point, x, 1, 29, 31, 68, 76, 

164, 168
probe measurements in, 89
and spark breakdown at high pres­

sure, 94
Corona discharge, 1, 29, 31, 38, 68, 

76, 87, 99, 162, 164, 168; not a 
spark, 1, 162; and streamer for­
mation, 38, 68, 162

Corona streamers, ion density in, 
76

“Corrected” breakdown equation, 42, 
107, 118, 121, 131, 140, 141, 166, 
170

Criteria for spark lag and experi­
mental inaccuracy of data, 54

Criterion:
for a self-sustaining discharge, 6, 7 
for a spark, 2
for streamer formations in non- 

uniform field, 45, 84, 121, 125, 
140, 148, 150, 159, 166, 170

Townsend’s, 7
Current densities that affect sparking 

potential, 27, 55, 144, 156
Currents in streamers, 70, 98, 100, 

103, 104
Currents, rise of, with time and over­

voltage, 16
Cylinders, coaxial, corona onset in, 

168; spark breakdown in, 139

D
Dart leaders, 97; velocity of, 97
Definitions:

avalanche, 6, 34
formative time lag, 11, 12
gamma, 4
overvoltage, 58
spark, 1, 24
spark breakdown, 1, 35, 162

Density of air and sparking poten­
tial, see Paschen’s law

Density of air and sparking poten­
tial in sphere gaps, 135

Density of ionization needed for 
streamer formation, 75, 78

Density of ions in streamers, 70, 77, 
98, 100, 113, 114, 116

Density of positive ions in transit in 
a gap, 158

Density of space charge due to an 
avalanche, 35

Diffusion and mobility, ratio of, 25
Diffusion, electronic, 25, 34, 75
Discharge, self-sustaining, criterion 

for, 6, 7
Distance of avalanche advance for 

retrograde streamer formation, 82, 
83, 99, 101, 102

Dust, effect of, on sparking poten­
tial, 65; see also Paetow effect
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F

G

Gamma—Townsend’s second coeffi­
cient, 5, 9, 11, 28, 29, 57, 73, 87, 
171

in corona, 87, 171

Evaluation of sparking potential by 
Townsend, 8

Experimental values of sparking po­
tentials: in air, 46, 54, 73, 79, 80, 
81, 82, 90, 112, 113, 114, 117, 119, 
122, 124, 130, 133, 135, 137, 138, 
141, 142, 143, 161; inaccuracies 
in, 54, 109

Factor K in streamer formation, 42, 
51, 53, 54, 58, 107, 108, 118, 121, 
140, 152, 160

Field:
anode, of space charge, 35, 37 
axial, in sphere gap, 120
in coaxial cylinders, 139
in confocal paraboloid gap, 166 
nonuniform, criterion for streamer

formations in, 45, 84, 121, 125, 
140, 148, 150, 159, 166, 170; in 
long sparks, 84

sparking, for long gaps, 79 
uniform, spark breakdown calcu­

lation for, 46, 112
Field distortion:

by streamers, 39, 59, 60, 82, 85, 
87, 163, 164; by positive ions in 
transit, 157

Field strength needed to maintain 
streamers, 85, 88, 89, 93, 95, 125, 
132

First coefficient of Townsend, 2
Formative time lags, ix, 11, 12, 18, 

24, 26, 28, 61, 156; at high p8, 28, 
39, 61, 156; at low p6, 12, 18; in 
overvolted gaps, 61; Schade theory 
of, 12

defined, 4
and empirical sparking equations, 

73
for high p8, 11, 28, 29
and space-charge distortion, 57 
and sparking potential, 5, 9, 11,

28, 29
Gap length, variation of breakdown 

potential with, 48, 114; see also 
Paschen’s law

Gaps: calculation of breakdown in 
various types of, 107; coaxial 
cylindrical, 139; confocal parabo­
loid, 166

Gaps, sphere, 120, 121, 124; short, 
calculation of breakdown poten­
tial in, 121; long, calculation of 
breakdown potential in, 124

Gaseous purity and sparking poten­
tial, 38, 54, 109, 117, 119, 143, 165

I
Illumination of the cathode and 

sparking potential, 27, 55, 63, 144, 
152, 155, 161

Impulse breakdown from negative 
points, 92; see also Lightning dis­
charge

Impurities, effect of, on sparking 
potential, 38, 54, 109, 117, 119, 
143, 165

Inaccuracies in sparking potential 
data, causes for, 54, 109

Indefinite nature of sparking poten­
tial, 6, 7, 13, 21, 23, 51, 109, 118, 
119, 130, 136

Inflection of sparking-potential curve 
at high p6, 73, 74, 79, 80, 115, 116

Intense ultraviolet illumination of 
cathode, effect of, 27, 55, 62, 144, 
152, 155, 161

Ion densities:
needed for streamer formation, 

48, 75, 76, 77, 78, 82, 98
and Paschen’s law, 8, 47



182 THE MECHANISM OF THE ELECTRIC SPARK

N
Negative corona, 88, 163, 169
Negative points, streamer production 

by, 88; theory of impulse break­
down with, 92

K
K, critical factor in streamer forma­

tion, 42, 51, 53, 54, 58, 107, 108, 
118, 121, 140, 152, 160

L
W7, 43, 52, 108, 119 (see also K)
Leader stroke, 40, 92, 96, 97 (see also

Lightning discharge)
Leader stroke, dart, 97
Leader stroke, stepped, 92, 97, 98, 

99, 100, 103
Lightning discharge, vii, 29, 71, 90, 

96, 100, 103; mechanism of, 96; 
polarity in, 96; progress of a typ­
ical, 96; stepped positive leader 
strokes in, 103

Lightning, positive streamers in, 97, 
103; velocity of return stroke in, 
97

Limiting ion density for streamer 
formation, 48, 75, 76, 77, 78, 82, 
98, 116, 171

Long gaps, calculation of breakdown 
for, 124; dual breakdown in, 129; 
lower limits of integration for, 126, 
127; spark breakdown in, 71, 79,

84, 124, 129; sparking in, with 
nonuniform fields, 84; sparking 
criterion for. 79, 124

Low p6, failure of Meek’s theory at, 
49, 78, 116

M
Mechanism of avalanche-retrograde 

streamer advance, 82, 99, 101
Mechanism of lightning discharge, 

95; positive-streamer formation, 
38, 59, 66, 77, 80, 82

Meek’s criterion for streamer forma­
tion, 42, 71, 75, 77, 78, 84, 112, 
118, 140, 141, 148, 149, 153, 165, 
166, 170 (see also K)

Meek’s equation:
lower limit of p8, for, 46, 49, 81, 

116, 171
and Paschen’s law, 46, 72, 81, 114, 

116, 117
and pressure variation of spark­

ing, 48, 116 (see also Paschen’s 
law)

solution of, 46, 112 ff.
for spark breakdown, 45, 112 

(see also Meek’s criterion for 
streamer formation)

upper limit of p8, for, 71, 75, 77, 
81, 114, 116

Meek’s theory:
limits of validity of, 46, 49, 71, 75, 

77, 81, 114, 116, 171
of stepped-leader stroke, 97, 99; 

modified, 99
Metastable states and spark lag, 17, 

65
Midgap streamers, 30, 59, 60, 83; in 

long gaps, 83

Ion densities (cont.) :
in streamer channels, 70, 77, 98, 

100, 103, 114, 116
Ion mobilities, 11, 14, 18, 28, 30, 34, 

35, 56, 144, 145, 147
Ionization:

by collision by electrons, ix, 2, 9, 
11, 35, 37, 38, 40, 42, 46, 52, 
75, 83, 84, 93, 95, 112, 113, 
114, 116, 118, 122, 123, 125, 
126, 127, 130, 133, 137, 138, 
140, 141, 146, 148, 149, 150, 151, 
152, 154, 157, 158 (see Alpha) 

by collision by positive ions, ix, x, 3 
in gap and statistical time lags, 61 
photoelectric, in a gas, 28, 37, 42, 

50, 54, 66, 75, 76, 77, 78, 109
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O

29, 68;

P

i

Observed sparking potentials in air, 
46, 54, 73, 79, 80, 81, 82, 90, 112, 
113, 114, 117, 122, 130, 135, 137, 
138, 141, 142, 143, 161

Overvoltage, 15, 37, 58; defined, 58 
(see also Conventional sparking 
potential) ; effects of, 37, 58

Nitric oxides and sparking poten­
tial, 54, 65, 109, 117, 119, 143, 165 

Nonuniform fields:
criterion for streamer formation 

in, 45, 84, 121, 125, 140, 148, 
150, 159, 166, 170

effect of polarity on the sparking 
potential in, 85, 88, 89, 90, 91, 
139, 141, 142, 163, 168, 169

p6, low, see Meek’s equation 
Paetow effect, 17, 65 
Paraboloid gaps, confocal, 166 
Paschen’s law, 8, 46, 47, 72, 81, 116, 

117; derived, 8; deviations from, 
due to ion concentrations, 8, 47, 
81

Photoelectric current from cathode, 
effect of, on sparking potential, 6, 
27, 55, 63, 143, 144, 152, 155, 
161

Photo-ionization:
the cause of statistical fluctuations 

in streamer formation, 50
by corona, x, 38
in a gas, x, 28, 30, 38, 47, 50, 66, 

75, 76, 78, 93, 95
Photon and ion densities needed for 

streamer formation, 48, 75, 76, 77, 
78, 82, 98

Pilot streamer channel, recombina­
tion in, 98, 99, 102, 103

Pilot streamers, 96, 97, 98, 103; 
negative current in, 97; positive

current in, 103; recombination in, 
98; velocity of, 96

Plasma, 39, 69
Point breakdown, photographs of, 

91, 92
Polarity:

effect of, on Jadx, 85, 142 
in lightning discharge, 96 
in nonuniform fields, effect of, on 

sparking potential, 85, 88, 89, 
90, 91, 139, 141, 142, 163, 168, 
169

Positive ions, velocity of, 11, 14, 18, 
34, 56, 70 (see also Ion mobilities)

Positive-ion density in a gap, 158 
Positive-ion space charge and spark­

ing potential, vii, 6, 13, 15, 25, 27, 
55, 57, 144, 145, 157

Positive-point corona, x, 
streamers in, x, 1, 29, 31, 68, 76, 
164, 168

Positive streamers, 31, 38, 40, 41, 59, 
60, 66, 68, 70, 77, 78, 80, 82, 83, 
85, 89, 90, 93, 95, 97, 99, 103, 124, 
125, 126, 140, 141, 153, 162, 163, 
164, 166, 170; development of, 38; 
in lightning, 97, 103

Positive-streamer formation, mech­
anism of, 38, 59, 66, 77, 80

Potential wave, ionization by, in 
streamer channels, 40, 71, 97

Pre-onset streamers, 68, 87, 163
Pressure variation of sparking and 

Meek’s equation, 48, 116
Pressure variation of sparking po­

tential, 8, 46, 47, 72, 81, 116, 117 
(see also Paschen’s law)

Probability of a spark, 6, 7, 20, 21, 
23, 25, 50, 51, 53, 58, 62, 63, 66, 
82, 86, 95, 129, 133 (see also 
Factor K; Statistical time lags)

Probe measurements in corona, 
89

Properties of breakdown streamers, 
67
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S
Sanders’ determination of aYp and a, 

3, 48, 52, 105, 109, 110, 111, 172
Sanders’ values of a/p and a, 109, 

110, 111
Schade’s theory of formative time 

lags, 12
Schematic diagram of streamer for­

mation, 36, 67
Second coefficient of Townsend, 2, 4, 

5, 9, 11, 28, 29, 57, 73, 87, 171 (see 
also Gamma)

Q
Qualitative picture of streamer for­

mation, vii, xi, 31, 38
Quantitative picture of streamer for­

mation, vii, xi, 31, 40

R
Radial tip field in streamers, 38, 40, 

42, 45, 50, 58, 66, 95
Radius of spark channel, 26, 27, 

29, 37, 66 (see also Radius of 
streamer)

Radius of streamer, 37, 68, 70, 77, 
84, 99, 101, 114

Ratio W7, 43, 52, 108, 119 (see 
also K)

Recombination:
in pilot streamer channel, 98, 99, 

102, 103
in streamer channels, 69, 98, 99, 

102, 103
Retrograde streamer:

mechanism of, 80, 82, 87, 88, 102 
radii of, 84, 99, 101, 114

Return stroke:
in lightning, 97
in spark discharge, 40, 71, 97;

velocity of, 40
Rise of current with time and over­

voltage in sparks, 16 (see also 
Formative time lags)

Secondary mechanism by photo­
ionization in gas, 30, 37

Secondary processes in gas and 
spark theory, 30

Self-sustaining discharge, criterion 
for, 6, 7

Short gaps, breakdown potential of, 
117

Simpson’s rule, 122, 126
Small points:

spark breakdown of, 87, 88, 89, 
163

Townsend discharge about, 87, 
163

Space charge:
equilibrium, 148
and sparking potential, vii, 6, 13, 

15, 25, 27, 55, 57, 144, 145-62
Space-charge distortion, calculation 

of, 145; by streamer path, 39, 
59

Space-charge effects in corona, 88
Space-charge equation of Varney, 

viii, 13, 26, 29, 31, 32, 56, 57, 64, 
105, 145, 146, 147, 173

Space-charge field at anode due to 
avalanche, 34, 37; in negative­
point breakdown, 90, 91; growth 
of, in time, 13, 146, 155, 156, 160, 
161 (see also Formative time lags)

Spark:
character of, at low p6, 24 
definition of, 1; diffuse, 24 
effect of initial, on later sparking, 

17, 54, 64, 109
probability of, 6, 7, 20, 21, 23, 25, 

50, 51, 53, 58, 62, 63, 66, 82, 86, 
95, 129, 133

return stroke in, 40, 71, 97
with space-charge formation, vii, 

6, 13, 15, 25, 27, 37, 50, 55, 57, 
59, 77, 78, 79, 144, 145-62

streamer theory of, 34; see also 
Meek’s theory, Meek’s equation, 
Meek’s criterion
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of breakdown in

Spark breakdown:
by the avalanche retrograde­

streamer mechanism, vii, 80, 83, 
87, 88, 90, 102; with negative 
points, 90

calculation of, in various types of 
gaps, 103

of coaxial cylinders, 139, 170 
and corona at high pressures,

94
criterion for, ix, 1, 5, 6, 11, 28, 29, 

30, 35, 39, 42, 45, 79, 162 (see 
also Factor K)

definition of, 1, 35, 162
dual process of, in long gaps, 129 
of long gaps, 71, 124; calculation 

of, 124
Meek’s equation for, 45 (see also 

Meek’s criterion for streamer 
formation)

not caused by avalanche alone, 35 
from points, photographs of, 91
of short sphere gaps, calculation 

for, 121
with small positive and negative 

points, 87
with space charges in short time 

intervals, 57, 161
of sphere gaps, 93, 120, 121
statement concerning streamer 

theory of, 107
with successive sparks, 17, 54, 65, 

109, 117, 119, 143, 165; sec also 
Paetow effect

three regions of, in sphere gap, 130 
time of development of space 

charge conditioned, 156
in a uniform field, 40, 45, 80, 82, 

112
variation of, with photocurrent 

from cathode, 56, 143
via space-charge fields at anode, 

90, 91
Spark breakdown and

high pressures, 94
corona at

Spark-breakdown criteria for long 
sparks, 79

Spark-breakdown criterion of Town­
send, 2, 5

Spark-breakdown equation, “cor­
rected,” 42, 107, 118, 121, 131, 
140, 141, 166, 170

Spark-breakdown formulae, empir­
ical, reason for success of, 10, 53, 
118

Spark-breakdown potential:
of long gaps, 131
of short gaps, 117, 131
variation of, with gap length, 113, 

131; with pressure, 116
Spark-breakdown threshold, value 

of, ix, 7, 8, 27, 42, 45, 49, 52, 58, 
61, 62, 79, 80, 82, 107, 108, 109, 
115, 119

Spark channels:
at low p8, 25
radii of, 24, 26, 27, 29, 37, 66

(see also Radius of streamer) 
and Townsend’s theory, 24, 25, 26

Spark gaps:
calculation of breakdown in long, 

124
dual processes 

long, 129
Spark lag, see Time lag in sparking 
Spark theory:

conditions to be met at high p8, 30 
and electron movement at high p6, 

30
and secondary processes in a gas, 

30
Sparking criterion, see Spark-break- 

down criterion
Sparking potential:

with A.C., 72
in air, 46, 54, 73, 79, 80, 81, 82, 

90, 112, 113, 114, 117, 119, 122, 
124, 130,133,135,137, 138,141, 
142, 143, 161

and cathode material, 28, 29
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Sparking potential (cont.) : 
conventional, 15, 34, 54, 58, 109 
effect of intense photoelectric cur­

rents on, 6, 27, 55, 63, 143, 144, 
152, 155, 161

effect of nitric oxides on, 54, 65, 
109, 117, 119, 143, 165

effect of space charges on, vii, 6, 
13, 15, 25, 27, 55, 57, 144, 145- 
162

effect of time lags on the measure­
ment of, 53, 54, 61, 62, 63, 64, 
109

with equilibrium space charge, 
147

evaluation of, by Townsend, 8; in 
various gaps, 46, 80, 112, 120, 
121, 124, 139, 146

and y, 9, 28, 29 (see also Gamma, 
Townsend’s second coefficient) 

indefinite nature of, 6, 7, 13, 20, 
23, 51, 108, 109, 118, 119, 130, 
136

and ionization by a and y rays, 64 
lowering of, by photocurrent, 6, 

27, 55, 63, 143, 144, 152, 155, 
161

Meek’s equation for, 45, 112 (see 
also Meek’s equation)

and nitric oxides, 54, 65, 109, 117, 
119, 143, 165

in nonuniform fields, polarity in, 
85, 88, 89, 90, 91, 139, 141, 142, 
163, 168, 169

-p§ curves (see Sparking-poten­
tial curve); slope of, 49, 74

and photocurrent for filamentary 
sparks, 56

of sphere gaps and air density, 135 
variation with initial photocurrent, 

143 (see also Sparking poten­
tial, effect of intense photoelec­
tric currents on)

Sparking-potential curve: 
in air for large p8, 80

inflection in, 73, 79, 80, 115, 116 
for points at high pressures, 94

Sparking-potential data, cause for 
inadequacy of, 54, 109

Sparking-potential equations, em­
pirical, 10, 53, 73, 118, 120, 136

Sparking potentials, experimental 
values of, 46, 54, 73. 79, 80, 81, 82, 
90, 112, 113, 114, 117, 119, 122, 
124, 130, 133, 135, 137, 138, 141, 
142, 143, 161

Sparking theory of Townsend, 7
Sparking threshold, ix, 7, 27, 42, 45, 

49, 52, 58, 61, 79, 80, 82, 107, 108. 
109, 115, 119

Sparking, time lags in (see Time 
lags)

Sparking, without external ioniza­
tion, 17, 62

Sparks:
in the absence of Y, 11, 28, 29 
branched and crooked, 29, 66 
cloud-track pictures of, x, 29, 30, 

31, 40, 67
in long gaps, lower limits of inte­

gration in, 126, 127; with non- 
uniform fields, 84; with uniform 
fields, 71

Sphere gaps, 93, 120, 132, 134
axial field in, 120
calculations for long, 124 
calculations for short, 121 
transition region for sparks in, 93, 

132, 134
Statistical fluctuations in sparking 

mechanism, 6, 20, 21, 23, 25, 50, 
51, 53, 58, 59, 62, 63, 66, 82, 86, 
95, 129, 130, 133 (see also Factor 
K; Statistical time lags)

Statistical time lags, 11, 12, 17, 20, 
26, 51, 53, 54, 59, 61, 62, 63, 64, 
109

Stepped leader, Meek’s theory of, 
97; modified, 99

Stepped leader, positive, 103
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T

j

Test of Townsend theory, 7, 9, 11, 
17, 18, 26, 28, 29

Theory of sparks, conditions to be 
met at high p8, 30

electron attachment in, 100 
ionization in, 40, 71, 100 
ionized by potential wave, 71 
recombination in, 98, 100 
resistance of, 98, 100

Streamer formation:
conditions for, 41, 45, 50, 71, 75, 

78, 80, 82, 84, 85, 88, 93, 95, 
108, 118, 140, 148, 149, 165, 166, 
170

and corona discharge, 38, 68, 162 
correct criterion for, 42
density of ionization needed for, 

75, 78
factor K in, 42, 51, 53, 54, 58, 107,

108, 118, 121, 140, 152, 160
limiting ion density in, 78
Meek’s criterion for, 42, 71, 75, 

77, 78, 84, 112, 118, 140, 141, 
148, 149, 153, 165, 166, 170

photon and ion densities needed 
for, 76

schematic diagrams for, 36, 67
and sparking threshold, 45, 49,

52, 58, 61, 79, 80, 82, 107, 108,
109, 115, 119

statistical fluctuations in, 50, 51,
53, 58, 59, 62, 63, 86, 95, 129, 
130, 133 (see also Statistical 
time lags; Factor K)

statistical time lags in, 51, 53, 54, 
59, 61, 62, 63, 64, 66, 82, 109

Streamer onset with confocal pa­
raboloids, 166

Streamer theory:
of spark discharge, 34; statement 

of, 107
Streamer tip, ion densities in, 77

Stepped-leader stroke, vii, 40, 97, 99, 
103; velocity of, 97

Streamer:
anode, 30, 59, 83
doud-track picture of, 40, 67
in corona, 88, 164; ion densities 

in corona, 76
diameter of retrograde, 84, 99, 

101, 114
distance of avalanche advance be­

fore retrograde streamer forma­
tion, 83, 99, 101, 102

field distortion by, 39, 59, 60, 82, 
85, 87, 163, 164

field strengths necessary to main­
tain, 85, 88, 89, 93, 95, 125, 132 

mechanism of positive, 38, 59, 66, 
77, 80, 82

midgap, 30, 59, 60, 83
potential gradient in, 69, 98, 99, 

100, 103
positive currents in, 70, 103
positive, 103
pre-onset, 68, 87, 163
properties of, 58
radial tip field in, 38, 40, 42, 45, 

50, 58, 66, 95
recombination in, 69, 98, 100
self - propagating, x (see also 

Streamer, positive)
shock excitation by, 69
from small negative points, 88, 

163, 164
spectra of, 69
tip field of, 38, 40, 42, 45, 50, 58, 

66, 95 (see also Factor K)
visibility of, 69

Streamer advance, velocity of, 39, 44, 
61, 82, 97, 99

Streamer channels:
currents in, 70, 98, 100, 103, 104
ion densities in, 70, 77, 98, 100, 

103, 114, 116
radii of, 37, 68, 70, 77, 84, 99, 101, 

114
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V
Variation of sparking potential with 

gap length, 48, 114 (see also 
Paschen’s law)

Varney, space-charge equation of, 
viii, 13, 26, 29, 31, 32, 56, 57, 64, 
105, 145, 146, 147, 173

Velocity of avalanches, 34, 39, 44, 61, 
96, 102

Velocity of dart leaders, 97
Velocity of pilot streamers, 96
Velocity of positive ions, 11, 14, 18, 

34, 56, 70 (see also Ion mobilities)
Velocity of return stroke in lightning, 

97
Velocity of return stroke in spark 

discharge, 40
Velocity of stepped-leader stroke, 97
Velocity of streamer advance, 39, 44, 

61, 82, 97, 99

Threshold, sparking, ix, 7, 8, 27, 42, 
45, 49, 52, 58, 61, 79, 80, 82, 107, 
108, 109, 115, 119

Thunderstorms, cloud polarity in, 96 
Time, to build up space-charge field, 

146, 155, 156, 160, 161
Time lag, 11, 12, 17, 18, 20, 24, 25, 

26, 28, 30, 51, 53, 54, 61, 62, 63, 
64, 109

formative, ix, 11, 12, 18, 24, 26, 
28, 61, 156; definition of, 11, 12; 
in overvolted gaps, 61; short, 
12, 18, 28; value of, 18

and illumination of the cathode, 63 
and ionization at anode, 64
and measurement of sparking po­

tentials, 51, 53, 54, 61, 62, 63, 
64, 109

and Paetow effect, 17, 65
and photocurrents, 13, 18, 24, 25, 

26, 30, 51, 53, 54, 56, 63
and radioactive radiations, 64
in sparking, 17
statistical, 12, 13, 18, 20, 24, 25, 

26, 30, 51, 53, 54, 56, 63, 109
in Townsend’s theory, 11, 24
and volume ionization, 62, 64

Tip field of streamers, radial, 38, 40, 
42, 45, 50, 58, 66, 95

Tip, ion densities in streamer, 77
Toepier discontinuity, 136
Townsend breakdown in coaxial cyl­

inders, 171
Townsend discharge about small 

points, 87, 163
Townsend equation:

growth of current with, 15 
modifications of, 4

Townsend mechanism and failure of 
Meek’s theory at low p8, 49

Townsend theory:
failure of, ix, 28, 29
and spark channels, 24, 25, 26

U
Ultraviolet illumination, effect of, 

on sparking potential, 27, 55, 63, 
144, 152, 155, 161

Uniform field, spark-breakdown cal­
culation for, 46, 112

of spark, difficulties in, at large 
p8, 27

and time lag, 11, 18, 24
tests of, 7, 9, 11, 17, 18, 26, 28, 29

Townsend’s evaluation of sparking 
potential, 8

Townsend’s first coefficient, alpha, 
2, 3; see Alpha

Townsend’s second coefficient, gam­
ma, 2, 3, 4, 5; see Gamma

Townsend’s sparking criterion, 2, 5, 
79; empirical nature of, at high 
p6, 9, 10, 53

Transition region in sphere-gap 
sparking, 93, 132, 134
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