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We analyze the physical phenomena occurr ing during the breakdown of gas gaps within t imes on the
order of severa l nanoseconds or l e s s . It is noted that the s t r e a m e r mechanism has low probability if
the t imes of formation of the discharge and the fall-off of the voltage a c r o s s the gap a r e commen-
surate with the emission t i m e s of the excited molecules . The development of a Townsend discharge
is made difficult by the s trong influence of the space charge of the avalanche. The discharge mecha-
ni sms in single-electron and mult i-electron initiation a r e described and the features of their develop-
ment a re outlined. Oscillographic and electron-optical measurement procedures a r e described and
the main experimental re su l t s a r e reported. Theories explaining the main regular i t ies a r e presented
together with the mechanism for initiation and development of a discharge in u l t ras t rong e lectr ic
fields. It is noted that x-radiation is produced in the discharge. Results a r e reported on a discharge
at a voltage below the stat ic breakdown value, initiated by fast e lectrons and by intense ultraviolet
radiation.
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1. INTRODUCTION

JT ULSED breakdown in the nanosecond and subnano-
iecond t ime region i s of interest because the t ime of
discharge development becomes commensurate with
such e lementary-process t imes as the t ime of growth
of the avalanche to the c r i t ica l dimension and the t ime
of emission of the excited molecules . This c i r c u m -
stance leaves its imprint on the spatial s t ructure of the
discharge on the s tat i s t ics of the delay, on the value of
the delay t ime, e tc .

At gas p r e s s u r e s (air, nitrogen, CO2, etc.) on the
order of severa l a tmospheres and more such a d i s-
charge differs sometimes from an ordinary discharge
in the absence of a discharge channel even though the
discharge current r e a c h e s in some cases 105A. The
r a t e of current growth in such a discharge is therefore
not always determined by the processes occurr ing in
the channel, and the channel stage does not play the
same role as in an ordinary discharge. The formation
of spark channels in the gap can occur already after
the current has reached its maximum value, and sev-
e r a l channels (sometimes on the o r d e r of severa l
dozen) can be produced instead of one channel. Most
investigations of pulsed nanosecond discharges t h e r e -
fore do not deal with the channel s tage.

If the pulse duration is made shorter than the t ime
necessary for channel formation, the channel stage can
be avoided completely. In the present review we therefore
neglect for the most part the channel s tage. This type
of discharge in a h igh-pressure gas is of great interest
for numerous pract ical applications, such as the con-
struction of powerful nanosecond pulsed devices, gas

l a s e r s with high gas p r e s s u r e , generation of powerful
electron beams, e tc . Let us examine the position occu-
pied by the nanosecond pulsed discharge among other
di scharges .

The development of a discharge in a gas usually be-
gins with the appearance of initiating e lectrons at the
cathode, followed by formation of avalanches of e lec-
t rons and ions. The growth of the number of e lectrons
and ions in the avalanche is exponential:

where N o is the number of initial initiating e lectrons,
a is the coefficient of impact ionization, and χ is the
path t raversed by the head of the avalanche.

When the number of avalanche e lectrons reaches a
certain cr i t ical value N c , the field of the electron and
ion space charges becomes comparable with the ap-
plied field, and the exponential growth of the number
of charges slows down. The cr i t ica l length of the ava-
lanche is then determined by the formula

(it is assumed that No = 1).
The character of the discharge in the gas depends

essentially on whether the avalanche can acquire N c

electrons over the length of the gap d, i .e., it de-
p e n d s r 1 ' 2 ' on the relation between x c and d. If x c > d,
then a single pr imary cascade is insufficient to com-
plete the discharge, and secondary and subsequent
avalanche, which a r e produced from the secondary
electrons, must take part . This type of discharge is
customari ly called a Townsend discharge. If x c < d,
then the dominant role in the development of the d i s-
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charge is played by the pr imary avalanche, which goes
over into a s t r e a m e r and then into a discharge channel,
This is called a s t r e a m e r d ischarge.

For a s t r e a m e r discharge to exist it i s necessary,
in addition, that the avalanche radiate enough photons
to ionize the gas molecules near the head of the ava-
lanche . The photons emitted by the avalanche a r e due
to de-excitation of the excited gas molecules '^ 1 , the
lifetime T e x c of which i s usually K r 9 - 1 ( T 8 s e c f 3 ] .
Therefore if the t ime t c needed for the avalanche to
reach i ts cr i t ica l dimension is s h o r t e r than Texc> the
development of the s t r e a m e r from the pr imary cascade
will be difficult. The formation of the discharge is
then governed by processes which will be considered
later on. The value of t c is determined from the re la-
tion

ic =-• In Nci<zv_,

w h e r e v_ i s t h e e l e c t r o n d r i f t v e l o c i t y i n t h e a v a l a n c h e .

C o n s e q u e n t l y , t h e c o n d i t i o n s f o r t h e e x i s t e n c e o f a

s t r e a m e r d i s c h a r g e c a n b e w r i t t e n i n t h e f o r m

In Ncla < d, In Ncltxr_ > Texc.

A c c o r d i n g t o t h e d a t a of^ 3 ', t h e v a l u e o f T e x c f o r n i t r o -

g e n a t a t m o s p h e r i c p r e s s u r e i s ~ 3 n s e c a n d In N c

~ 2 0 . C o n s e q u e n t l y o n e c a n e x p e c t t h e d i s c h a r g e f o r

propert ies to deviate from those of a s t r e a m e r d i s-
charge already at av_ > 10 1 0 sec" 1 , i .e., at Ε > 6
χ 104 V/cm.

The development of a pulsed discharge in a gas is
strongly influenced by the current i 0 of the initiating
e lectrons, and also by the degree of homogeneity of its
distribution over the cathode surface. When est imating
the influence of i 0 on the discharge process , it i s con-
venient to compare the average t ime between the ap-
pearance of two electrons from the cathode e/i 0 (e is
the charge of the electron) with the t ime t c of avalanche
development to the cr i t ica l dimension. If t c < e/i 0 ,
then it can be assumed that the discharge is initiated
by single e lectrons, in which case

When the current i 0 is increased, the secondary
p r o c e s s e s play a l e s ser role in the growth of the d i s-
charge c u r r e n t . If the t ime necessary for the avalanche
to develop the cr i t ica l dimension is t c §̂> e/i 0, i.e.,

*o 3> «xi>_/ln Nc,

and the current i 0 is uniformly distributed over the
cathode, then the simultaneous development of a large
number of electron avalanches gives r i s e to large cur-
rent s even before the secondary p r o c e s s e s begin to act .

When the e lectr ic field is increased to Ε > 105V/cm,
the development of the discharge begins to be strongly
affected by microscopic bumps on the surface of the
cathode, at which the fields can increase by a factor of
100 and m o r e . As will be shown in Sec. 3a, this leads
to emission of e lectrons from local spots on the cath-
ode, and when a definite field value is exceeded it leads
to explosion of such bumps. Whereas the electr ic field
intensity in the gas gap can reach lOV/cm, it can
amount to lOV/cm at the microscopic bump. The t ime
necessary to explode a sharp point of tungsten is on the

o r d e r of 10 9 s e c . The explosion produces a cathode-
metal plasma, which helps increase the electron cur-
rent from the cathode.

The principal information concerning the processes
occurr ing in a nanosecond discharge is usually obtained
from osci l lograms of the spark current and voltage.
In analogy with an ordinary pulsed discharge in a gas,
we shall use such t e r m s as the discharge delay t ime
and the discharge formation t i m e , taking the s tar t of
the discharge to mean the s t a r t of the rapid growth of
the c u r r e n t in the gap and of the decreased gap voltage.
It must be remembered, however, that the formation of
the discharge usually continues even after the current
begins to grow. F r o m the methodological point of view,
it is more convenient in the experiments to measure
separately the t ime during which the c u r r e n t r e a c h e s
severa l a m p e r e s and the t ime during which the current
increases from several a m p e r e s to the nominal value.
These quantities a r e also eas ie r to determine analyt-
ically.

The purpose of the present review is to summar ize
the r e s e a r c h on discharges in gases at e lectr ic field
values higher than those in which the s t r e a m e r dis-
charge mechanism operates, i .e., at α ν . > In N c / T e x c .
The character i s t ic development t imes of such a d i s-
charge amount to nanoseconds and fractions of a nano-
second. Such a discharge can be produced by applying
to the gas a rectangular voltage pulse with amplitude
greatly exceeding the static breakdown voltage and
with a r i s e t ime s h o r t e r than the character i s t ic dis-
charge development t i m e . We shall not deal with nano-
second discharges in static breakdown, in which the
discharge t ime is decreased by increasing the gas
p r e s s u r e . These questions a r e discussed in detail in
the reviews^ 4 ' 5 1 .

Since the principal role in the process of pulsed
nanosecond discharge is played by electron avalanches,
we shall examine, before we proceed to describing the
discharge process under various conditions, the be-
havior of a single electron avalanche in a gas in the
case of s trong e lectr ic fields and large values of E/p.

2. DEVELOPMENT OF ELECTRON AVALANCHES IN
A GAS IN STRONG ELECTRIC FIELDS

a) Pr incipal physical p a r a m e t e r s determining the
development of electron avalanches. Discharge in a
gas begins with the development of an electron ava-
lanche. To understand the development of a discharge
of one type or another it is therefore necessary to un-
derstand, at least in general outline, the features of
the development of electron avalanches under the con-
ditions of discharges of this type. The development of
electron avalanches under the conditions of the exist-
ence of a Townsend or a s t r e a m e r discharge were ana-
lyzed in detail by Raether and c o - w o r k e r s ' ^ .

The discharge considered in the present paper
exists at gas p r e s s u r e s on the order of atmospheric
and higher, and at fields intensit ies up to 105 V/cm and
higher. Under such conditions, the character i s t ic
t i m e s of the development of electron avalanches do not
exceed 109 sec, thus making their experimental investi-
gation very difficult. The situation is made eas ier by
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XL, cm/sec kTe, eV; α/ρ, (cm-mm Hg)"1
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FIG. 1. Experimental plots of α/ρ, ν_ and kT e against E/p.

t h e fact t h a t t h e m a i n p a r a m e t e r s d e t e r m i n i n g t h e d e -

v e l o p m e n t of t h e e l e c t r o n a v a l a n c h e , s u c h a s t h e r a t i o

of t h e coef f ic ient of i m p a c t i o n i z a t i o n t o t h e p r e s s u r e

α/ρ, the t h e r m a l energy of the e lectrons kTe, and the
electron drift velocity v. depend only on the rat io E/p,
and not on Ε or ρ separate ly 1 6 1 . Therefore the experi-
mental resu l t s obtained e a r l i e r for electron avalanches
at low field intensities Ε and low p r e s s u r e s ρ can be
used for avalanches that develop at high field intensit ies
Ε and high gas p r e s s u r e s .

Figure 1 shows plots of α/ρ, ν_ and k T e as func-
tions E/p for nitrogen and a i r . The experimental plot
of α/ρ against E/p, for a i r in the range 40 < E/p
< 140 V/cm-mm Hg is satisfactorily approximated by
the formula

alp = A l(Elp) - Ba]\ (2)

where A = 1.17 χ 10"4 c m - m m Hg-V2 and B o = 32.2
V/cm-mm H g J 1 ] The empir ica l relation for the drift
velocity of e lectrons in nitrogen at 130 < E/p < 300
V/cm-mm Hg is given by [ 7 ]

(3)

(3')

where C = 3.3 χ 10 6 c m 3 / 2 (mm Hg) 1 / 2 /sec-V 1 / 2 , and
for 130 > E/p > 10 V/cm-mm Hg we have

v. = Co (Elp),

where C o = 3.3 χ 105 c m 2 - m m Hg/sec-V. For a i r , the
dependence of v. on E/p is close to (3) and ( 3 ' ) f l ] .

Diffusion causes " s m e a r i n g " of the electron cloud
in the gas and its expansion. The radius of the electron
cloud is usually defined as the distance from the center
of the cloud to the point at which the electron density is
decreased by a factor 2.72:

rD = (4Di)1/2, (4)

where D is the electron diffusion coefficient.
The electron diffusion coefficient is given by the

well known formula

D/μ = kTJe,

where μ is the electron mobility, k T e is the t h e r m a l
energy of the e lectrons, and e is the electron charge.
The dependence of k T e / e on E/p for nitrogen in the
range 20 < E/p < 100 V/cm-mm Hg is approximated
by the formula r 8 ]

The photons emitted by the excited molecules from
the avalanches in the gas greatly influence the mecha-
nism of the gas discharge. The radiation from the
avalanches leads to photoionization of the gas, to a
photoeffect on the cathode, and thus to the production
of secondary e lectrons . Direct measurements of the
emission spectra of avalanches with the aid of a
vacuum spectrograph r 9 1 have shown that intense lines
in oxygen have wavelengths λ = 988, 888, 880, and
835 A. Lines with wavelength s h o r t e r than 1000 A were
observed in nitrogen.

The emission of the ionizing radiation is c h a r a c t e r -
ized by the following p a r a m e t e r s : ω [cm"1]—the number
of gas-ionizing quanta produced by an electron on a
path of 1 cm; δ [cm*1]—total number of quanta produced
by an electron on a path of 1 cm; ω/α—number of ion-
izing quanta per electron in the avalanche.

The p a r a m e t e r s of ionizing radiation were measured
i n r i 0 " 1 2 ] . The radiation source used i n [ 1 1 ' 1 2 ] was in in-
complete discharge in a homogeneous field. This has
made it possible to t r a c e the dependence of different
radiation p a r a m e t e r s on E/p in the gas discharge. It
was observed that in pure oxygen ω/α increases with
increasing E/p. This was attributed to the decrease in
the radiation wavelength with increasing E/p.

The ionization potential of oxygen in a i r is lower by
~3.5 eV than the ionization potential of nitrogen, and
therefore the photons emitted by the nitrogen ionize
the oxygen. With increasing E/p, the coefficient α of
impact ionization of a i r increases more rapidly than
the coefficient ω, and therefore ω/α d e c r e a s e s with
increasing E / p [ 1 1 ] .

It follows f r o m [ 1 3 ] that in a i r each electron of the
avalanche produces on the average 0.4 photon in the
range pd = 20—120 c m - m m Hg (d = 1 cm), at wave-
lengths λ > 2000 A, and at E/p = 5 0 - 8 0 V/cm-mm Hg.
The excited gas molecules emit photons after an aver-
age t ime Texc· The value of T e xc d e c r e a s e s with in-
creas ing gas p r e s s u r e owing to the collisions that
quench the excitations. The data of t l 4 ] give for n i t ro-
gen

D/μ = kTJe SB C2 (E/p)'/»,

w h e r e C 2 » 0 . 2 ( V 1 / 2 c m - m m H g ) 2 / 3 .

( 5 )

*exc= TBXC.[1

where τ ο = 36 ± 3 nsec and p 0 = 60 ± 6 mm Hg.
Let us est imate the influence of the electr ic field

intensity in the gap on the number of photons leaving
the avalanche by the instant of t ime when the number
of electrons in the latter is N c . We assume that when
the number of e lectrons is Ν < N c the avalanche de-
velops exponentially, and the expansion of the head of
the avalanche is due to free diffusion. If the cr i t ica l
electron number N c i s determined from the condition
that the external field be equal to the ion space-charge
field, t h e n [ 1 5 1 N c ~ T e a f \ Since a increases with in-
creas ing Ε more rapidly than the electron t e m p e r a -
t u r e Te, it follows that N c d e c r e a s e s with increasing
electr ic field intensity. This effect, together with the
decrease of the photon yield from the avalanche a s the
resul t of the short t ime of avalanche development,
leads to a sharp decrease of the photon yield from the
avalanche at E. Indeed, the number of excited mole-
cules in the avalanche is N e x c ~ Nc ~ T e a " 1 . But if
tc <SC Texc, then the photon yield is
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S u b s t i t u t i n g t h e r e t h e v a l u e s of a , v_, a n d T e f r o m (2),
(3), a n d (5) we find t h a t t h e n u m b e r of p h o t o n s N p n d e -
c r e a s e s s t r o n g l y with i n c r e a s i n g e l e c t r i c field i n t e n s i t y
E.

b) Deve lopment of e l e c t r o n a v a l a n c h e s at l a r g e
g a i n s . T h e f u n d a m e n t a l r e l a t i o n s (1) a n d (2)—(4),
w h i c h d e t e r m i n e t h e d e v e l o p m e n t of t h e e l e c t r o n a v a -
l a n c h e , a r e va l id only when t h e n u m b e r of e l e c t r o n s in
t h e a v a l a n c h e i s s m a l l and t h e a v a l a n c h e s p a c e - c h a r g e
field i s m u c h w e a k e r t h a n t h e e x t e r n a l f ie ld. An a n a l y -
s i s of t h e d e v e l o p m e n t of a n e l e c t r o n a v a l a n c h e a t a
l a r g e v a l u e of t h e g a i n , with a l l o w a n c e for t h e field of
t h e e l e c t r o n c loud i t s e l f and for di f fus ion, i s g iven
i n ' 1 6 ' 1 7 1 . T h e d e v e l o p m e n t of a n a v a l a n c h e in h e l i u m
w a s c a l c u l a t e d n u m e r i c a l l y for E / p = 10 V / c m - m m Hg
and ρ = 760 mm Hg, with D = 4.7 χ 103 cm 2 /sec and
v. = 5 χ 10 6 c m / s e c ' 1 8 1 . It was shown that at N > 10 8

the e lectrostat ic repulsion of the electrons becomes
significant.

A detailed investigation of the development of c a s -
cades was c a r r i e d out by electron-optical and oscil lo-
graphic methods i n ' 1 9 ' 2 0 1 for avalanches in ether and in
nitrogen. It was found that at Ν > 1 0 e t h e growth of the
number of e lectrons is s lower than the exponential
growth (1). This phenomenon was explained i n [ 1 7 ] ,
where the influence of the ion field on the development
of the electron avalanche was estimated by approx-
imately solving the one-dimensional Poisson equation
and the Townsend equation with allowance for the e lec-
tron drift and spatial diffusion. The diffusion coef-
ficient and the drift velocity of the electrons were a s -
sumed constant, and the t r a n s v e r s e component of the
ion and electron space-charge field was d isregarded.
The impact-ionization coefficient was assumed to de-
pend linearly on the field. It was shown that the effec-
tive coefficient of impact ionization aeff d e c r e a s e s
with increasing number of e lectrons in the ava lanche ' 1 7 1 :

. In \
Gieff/CC0 = 1 — λΝ, [Ο)

( 7 )
λ = (da!dEe) (e/ine0) F (ae

w h e r e F ( a e f f r d ) ~ 0 . 1 6 r l 9 ] f o r 0.4 s a r d < 2 .5; e 0

= 1/4π x 9 x 10 1 1 F/cm, and a0 is the coefficient of
impact ionization at Ε = E o . The dependence of aeff(N)
calculated in accordance with (6) for nitrogen and ether
was in satisfactory agreement with the experimental
d a t a r i 9 ' 2 0 ] at Ν « 10 6 -10 7 , and the radius of the ava-
lanche, calculated in accordance with (6) and (7) agreed
with the experimental values.

At Ν > 108, the dependence of a e f f / a 0 on Ν be-
comes s t r o n g e r ' 1 9 ' 2 0 ' than in (6). In addition, the ex-
perimental dependence of a e f f / a 0 on Ν has at
Ν ~ 108 a minimum that reaches 0.5. At these values
°f aeff, the a ( E ) dependence deviates from the l inear
approximation used in the derivation of (6).

It should a l so be noted that the experimental data on
avalanches with 10 6 e lectrons and more were obtained
only for 10 < E/p < 200 V/cm-mm Hg with 20 < ρ
< 500 mm Hg, when the avalanche development t ime
was t > 10~8 s e c . At a p r e s s u r e ρ on the o r d e r of one
atmosphere and in fields Ε > 105 V/cm, the avalanche
develops within a t ime ~10" 9 sec and l e s s . There has
been no experimental investigation of avalanches in
this range of t i m e s .

T o e x p l a i n t h e c h a r a c t e r o f t h e a v a l a n c h e d e v e l o p -

m e n t i n n i t r o g e n a t a t m o s p h e r i c p r e s s u r e a n d a t h i g h

e l e c t r i c f i e l d i n t e n s i t y , t h e f u n d a m e n t a l e q u a t i o n s f o r

t h e d e v e l o p m e n t o f t h e e l e c t r o n c l o u d w e r e s o l v e d

n u m e r i c a l l y . T h e c a l c u l a t i o n s t o o k i n t o a c c o u n t t h e i n -

f l u e n c e o f t h e t r a n s v e r s e c o m p o n e n t o f t h e e l e c t r i c

f i e l d o f t h e a v a l a n c h e , t h e d e p e n d e n c e o f t h e d r i f t

v e l o c i t y a n d o f t h e i m p a c t i o n i z a t i o n c o e f f i c i e n t a o n

the local field Ε at each point of space, and the ion
velocity was assumed equal to z e r o ; the electron t r a n s -
port equation, the continuity equation, and the Poisson
equation a r e given by ' 1 6 ]

J = — DeVn. -I v_era_, (8)

e ~ + VJ = oJ, (9)

VE = e( n t -n.)M, (10)
where J , a, and v_ a r e the vector values of the current
density, the impact-ionization coefficient, and the e lec-
tron drift velocity, V is the Hamilton operator, and e
is the dielectr ic constant of the medium. The values of
α , ν., and D were determined from formulas (2), (3),
and (5).

The e lectr ic field Ε is the vector sum of the ap-
plied field and of the field produced by the space
charges of the ions and the e lec t rons . The diffusion
and mobility coefficients were assumed constant in the
calculations, and the directions of the vectors α and
J were assumed to be the s a m e . It was assumed in the
calculation that v_ 3> aD, which holds t rue for a i r ,
nitrogen, and ether at E/p < 400 V/cm-mm Hg, The
initial values of the densit ies n_ and n+ were those
obtained by simultaneously solving E q s . (8)—(10) with-
out taking the space charge into account.

To verify the cor rec tness of the chosen avalanche
model, the system (8)—(10) was solved for ether vapor
under the condition E/p = 200 V/cm-mm Hg and
ρ = 21 mm Hg, for which t h e r e a r e experimental data
on the avalanche p a r a m e t e r s at large ga ins ' 1 9 1 . The
resu l t s of the numerica l calculation for the normalized
electron density in ether in the longitudinal and t r a n s -
verse c r o s s sections of the electron cloud a r e shown
in Fig. 2 for ether (a and b) and for nitrogen (c and d).
The following normalized p a r a m e t e r s were used in the
figure: the electron density

η ~- 8 ( j i O / α / Ί ) 1 ' ' e x p ( — α 0 υ < 0 ) ί 0 ) n -

a n d t h e c o o r d i n a t e s

x, y = 0 . 5 (a^WID)1'2 (z, r).

T h e n u m b e r s o n t h e c u r v e s i n d i c a t e t h e n o r m a l i z e d

40 50 SO χ 10 5 0 5 10 y
c Anode .

FIG. 2. Normalized electron density in the head of an avalanche.
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Η* tO' Mf a tO' 10'

4 β /Ζ /tft.nsec

FIG. 3. a) Effective impact-ionization coefficient vs. the number of
electrons in the avalanche; b) increase of number of electrons in the
avalanche with time.

FIG. 4. a) Radius of avalanche in
the longitudinal (1) and transverse (2)
cross sections; b) electron velocity on
the front (1) and in the "tail" (2) of
the electron cloud.

to'

time τ = a v!_0)t, where t is the time from the start of
the initial electron. When comparing the experimental
and calculated values of aeff(N) and N(t), it was
assumed that Ό/μ = kT e /e = 3.26 V in (10). a eff was
determined from the relation

jV=exp(S<xeff vdt),

where V was defined as the velocity of a point on the
ζ axis, equidistant from the levels at which the elec-
tron density is smaller by a factor e « 2.72 than the
maximum value. It turned out in this case that
v « v<0).

Figure 3a shows the calculated (1) and experimental
(2) plots of α eff(N)/ao, while Fig. 3b shows the calcu-
lated (1) and experimental (2) plots of N(t) for ether.
In agreement with experiment, the aeff(N)/a0 plot has
a minimum at N » 10s, which verifies convincingly the
correctness of the assumed avalanche model.

The satisfactory agreement between the calculations
and experiments for ether f l 9 ] served as a justification
for performing with the aid of Eqs. (8)—(10) an analo-
gous calculation for air at ρ = 760 mm Hg, in order to
explain the features of the development of a single ava-
lanche in a strong electric field at Ε = 105 V/cm when
the expected time of development of the avalanche to
the critical dimension was less than 10'9 sec. The cal-
culation was performed in accordance with the same
program as for ether. A value D/μ « 4 . 4 was as-
sumed as in the case of nitrogen. Figure 3 (the two

curves 3) shows the result of the calculation aeff and
Ν for air, from which it follows that a deviation from
the exponential growth of the avalanche becomes ob-
servable at Ν = 10β already 0.4 nsec after the start of
the avalanche development.

It is seen from the plots of the normalized electron
density in the longitudinal and transverse cross sec-
tions of the electron cloud, shown in Figs. 2c and 2d,
that the electron cloud becomes strongly deformed at
large N. Figure 4a shows a plot of the ratio r a / r d
for air in the case of the longitudinal (1) and trans-
verse (2) cross sections of the electron cloud. The
quantity r a is defined as the distance between the
outermost points of the cloud at which the density is
2.72 times smaller than the maximum value. The
plots show that for air at Ν > 3 χ 105 the expansion of
the avalanche exceeds the diffusion value, and at Ν = 2
χ 107 the radius of the electron cloud in the drift direc-
tion is approximately 2.5 times larger than the diffu-
sion radius.

The maximum rate of expansion of the electron
cloud in air (see Fig. 4a) transversely to its motion is
approximately 10 times larger than the rate of expan-
sion due to diffusion, and amounts to ~0.5vi0), and in
the drift direction it amounts to 0.6vi0). It follows from
the plots in Figs. 2c and 2d that the electron cloud does
not develop uniformly. For example, the rate of
growth of the electron density in the " t a i l " of the
cloud (see Fig. 2a) decreases, and the velocity of the
drift to the anode in this region (Fig. 4b, dashed line)
slows down. This is due to the growth of the plasma
density between the electron and ion clouds and to the
ensuing decrease of the electric field as the result of
the mutual penetration of the electron and ion clouds.
In the front part of the electron cloud (see Fig. 2c) to
the contrary, there appears a region in which the
density increases progressively with time, and which
contains a section with a large radiant (the front of the
cloud). The length of the front remains unchanged in
the interval 15 < τ < 20. The solid curve in Fig. 4b is
a plot of the drift velocity of a point on the front where
the electron density is smaller by factor 2.72 than the
maximum value, as a function of the number of elec-
trons in the avalanche N. This velocity remains con-
stant at ~5 χ 107 cm/sec or 1.5vi0> for Ν > 3 χ 10β,
owing to the increase of the electric field on the front
of the electron avalanche.

3. DISCHARGE INITIATED BY A SMALL NUMBER OF
ELECTRONS IN GAS-FILLED GAPS

a) Breakdown delay time and current of initiating
electrons. The very first experiments [ 1 ] on pulsed
breakdown of gas-filled gaps have shown that a certain
time tdel elapses between the application of the vol-
tage pulse and the breakdown of the gap. In the general
case, according to these experiments, the number nt
of breakdowns having a delay time t and longer de-
pends on the delay time in the following manner:

where σ0 is the average statistical delay time, n0 is
the total number of breakdowns, and τ is a certain
minimal time below which the breakdown delay time
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does not decrease under the given conditions. The
breakdown delay t ime tdel consists of two components,
s tat i s t ical σ and the discharge-formation t ime τ, i .e.,

The value of σ is determined by the electron cur-
rent from the cathode and has a s tat i s t ica l c h a r a c t e r
to it. The connection between i 0 and <r0 is given b y [ 1 ]

i = ela0WiW2,

where e is the electron charge, Wi is the probability
of occurrence of an electron in both regions of the gap
where it can lead to breakdown, and W2 is the proba-
bility that this electron will actually lead to a break-
down. The value of σ 0 i s determined experimentally
from the slope of the line | In ( n / n o ) | = ( t - τ)/σ 0 . For
gaps with length on the order of severa l mi l l imeter s ,
with an overvoltage of 80% and m o r e , we have w = wiW2

= l / 2 1 1 and consequently

( I Dϊ0 =

F o r m u l a (11) i s e x t e n s i v e l y u s e d t o d e t e r m i n e t h e

electron c u r r e n t . It follows from (11) that σ 0 is none
other than the average t ime between the appearance of
two initiating e lec t rons . There exists a limit of the
value of the current i 0 , above which it cannot be de-
termined from the slope of the line | In ( n / n o ) |
= (t - τ)/<Το· This occurs when σ 0 < τ. Actually, owing
to the usually present s tat i s t ica l saturat ions of the
t ime τ, it is necessary to have i 0 <& e/τ in the
m e a s u r e m e n t s .

Under conditions where there a r e no special
auxiliary electron sources , the discharge is initiated
by e lectrons produced by the cathode itself. The total
intensity of the external radiation is usually negligibly
smal l and is of the o r d e r of 10 electrons per second
per c m 3 of a i r . We can indicate the following sources
of initiating e lectrons from the cathode:

1. Electron emission due to dielectr ic films and

inclusions on the surface of the ca thode f 2 2 ] (the Malter
effect, o r anomalous emiss ion through dielectric films
on the cathode, and the Paetow effect, or field e m i s -
sion enhanced by the charging of dielectr ic inclusions
on the cathode. These effects a r e described in detail
in1'1»3·1. The role of this emission is part icularly large
when easily-oxidizing cathodes a r e used.

2. Exoelectronic e m i s s i o n [ 2 3 1 . The density of the
cathode exoelectron c u r r e n t from electrodes without
special t reatment usually does not exceed 100—1000
e l e c t r o n s / c m 2 s e c . Such a current can influence only
breakdown by millisecond pulses .

3. Field emiss ion. This type of emission is the
main source of initiating electrons at E o = ΙΟ5—106

V/cm.
To obtain from a tungsten cathode surface a r e a of

1 c m 2 a field-emission c u r r e n t , 10"1 0 A, at which the
statist ical-delay t ime is of the o r d e r of 10~9 sec, it i s
necessary to have an approximate e lectr ic field inten-
sity 2 χ 107 V/cm. We a r e interested in a pulsed e lec-
t r i c discharge in a gas at a field intensity ΙΟ5—106

V/cm.
Numerous investigations of the pre -breakdown con-

ductivity in a vacuum gap at Ε = ΙΟ5—106 V/cm have

revealed the presence of electron currents of 10 5—10~3

A and a qualitative agreement between the dependence
of this current on the average field intensity in the gap,
on the one hand, and the Fowler and Nordheim formula
for field emission^ 2 4 1 , on the other . This is attributed
to the presence of microscopic inhomogeneities on the
surface of the electrode, at which the field intensity Ε
greatly exceeds the average macroscopic field, defined
in the case of flat e lectrodes as E o = U 0 /d (d is the
gap length and U o i s the potential difference a c r o s s
the gap). The rat io E / E o = μ is called the field gain.

For the case of a hemisphere on a surface o r a
smal l hill whose height is commensurate with its
d iameter , the value of μ does not exceed [ 2 5 ] 10. F r e -
quently, however, these roughnesses take the shape of
elongated points ( " w h i s k e r s " ) and not of hi l l s . The
most i l lustrative in this respect a r e the experiments
ofr2e~281, in which an electron microscope was used to
study the electrode surface. It is possible to obtain a
simple relation between the coefficient μ and the
p a r a m e t e r s of the projection, by assuming the projec-
tion to be a half-ellipsoid. If the p a r a m e t e r s of the p r o -
jection a r e taken to be the radius of curvature of i ts
c r e s t r and the height h, t h e n r 2 e ]

μ = (βή/Γ) + 1,

where β is a slowly and monotonically varying function
of h / r : at h / r = 5-250 we have β = 1—0.4, i.e., it can
be assumed approximately that μ ~ h / r at h / r > 1.
Measurements of μ using smooth metallic surfaces at
macroscopic fields on the o r d e r of 105 V/cm yielded
μ » 2 0 - 7 0 [ 2 9 ' 3 0 ] or μ = l O - S O O t " ' * 1 .

There is direct proof that the surface of the cathode
affects the delay t ime of the breakdown and the value of
the breakdown field intensity when nanosecond pulses
a r e applied to the gap. It was found in [ 3 3 1 that very
smooth mechanical polishing of the cathode can in-
c r e a s e the dielectr ic strength of an a i r gap of length
less than 1 mm by several t imes and ra i se it to 1.4
χ 10 e V/cm at a delay t ime on the o r d e r of 10"9 sec .

At a pulse duration 40 nsec in a i r gaps of length
~0.2 mm, using s ingle-crystal cathodes (molybdenum,
tungsten, rhenium), the e lectr ic field intensity at which
the breakdown takes place reached 3 χ 10 s V/cm,
whereas for poly crystal l ine cathodes it did not exceed
1.3 χ 10 6 V/cm [ 3 3 > 3 4 ] . In the same invest igat ions [ 3 3 ' 3 4 ] ,
using a s ingle-crystal cathode, the pulsed electr ic
strength remained practical ly unchanged when the gas
p r e s s u r e was changed by severa l t i m e s . All these
facts indicate that in pulsed breakdown of gases in
strong electr ic fields the initiating e lectrons a r e pro-
duced by field emiss ion.

b) Time of discharge formation. In pulsed break-
down of atmospheric a i r by rectangular pulses with a
r i se t ime of 0.3 nsec and Ε > 105 V/cm, the dis-
charge-formation t ime τ in the case of a smal l cur-
rent of initiating electrons from the cathode exceeded
by one o r two o r d e r s of magnitude the t ime required
for the avalanche to develop to cr i t ica l s i ze ' 3 5 5 .

A more detailed investigation of the t ime τ in
atmospheric a i r following initiation by a smal l e lec-
tron current was car r ied out i n [ 3 6 1 . For each pulse
amplitude, 100 osci l lograms were taken and the func-
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120 ISO E,kV/cm
FIG. 5. Dependence of the discharge-formation time τ on the field

intensity E. 1) Multielectron initiation: solid curve-from [ " ] ; points-
from [ 3 6 ] . 2) From [ 3 8 ] . 3) Single-electron initiation [ 3 6 ] .

t i o n | In ( n / n o ) | = f ( t ) w a s p l o t t e d ( n i s t h e n u m b e r of

b r e a k d o w n s with d e l a y t i m e t and l o n g e r , a n d n 0 i s t h e

t o t a l n u m b e r of b r e a k d o w n s ) . T h e d i s c h a r g e - f o r m a t i o n

time τ was assumed to be the minimum time obtained
in this distribution. The cathode-irradiation intensity
was chosen such that the time σ 0 was commensurate
with τ. The τ(Ε) dependence obtained in this manner
is shown in Fig. 5 (curve 3). Curve 2 in the same fig-
ure was obtained under approximately analogous condi-

It was noted in r 3 5 ] that at Ε = const the time τ in-
creases with decreasing gap length. This dependence
was investigated more thoroughly in c 3 9 ' 4 0 ] . At fixed
values of Ε and p, the length of the gap was varied
and the distribution of | In (n/n o ) | = f(t) was plotted.
In view of the increasing statistical scatter with re-
spect to the time τ with decreasing gap length, what
was determined in these experiments was the average
statistical time r s t i n the distribution | In (n/n o) |
= f(t) under the condition | In (n/n o) | = 1. Figure 6
shows plots of r s t against the gap length d for alumi-
num electrodes. Each such plot has three character-
istic sections: a region of slow variation of r s t , an
inflection region, and a region of rapid growth of Tst
with decreasing d. It should be borne in mind that the
change of the time Tst is governed only by processes
of discharge formation. The current of the electrons
initiating the breakdown remained unchanged during the
plotting of Tst(d), since Ε, ρ and the cathode surface
were unchanged. The latter was monitored by compar-
ing the two distributions | In (n/n o) | = f(t) before and
after plotting the x s t(d) curve.

It was found in [ 3 5 ] that in the case of copper and
tungsten electrodes the time TSt increases rapidly
with increasing number of prior discharges. It is
shown i n r " ] that this is due to a deterioration of the
photoemissive properties of the cathode and explains
the presence of several maxima in the distribution of
the delay time of a nanosecond discharge, observed
in f 4 2 1, since, as shown in r l 5 > 3 5 1 , the photoemissive
properties of the cathode varied during the course of
accumulation of the statistics. These facts demon-
strate the important role played by the photoeffect on
the cathode in the secondary process.

It is suggested in [ 1 5 1 that the growth of the gap cur-
rent during the initial stage of the discharge is due to
the development of avalanche chains. Such chains can
be produced when the field expels some of the electrons
from the preceding avalanche and the succeeding ava-

rst, nsec

320

240

160

0

1 U 1,8 2.2 d, mm

2 S 10 d,mm
FIG. 6. Plot of T s t against d (p = 760 mm Hg). Ε (kV/cm): 1-100;

2-125; 3-150; 4-175; 5-200.

lanche is formed, when the gas ahead of the avalanche
becomes photoionized, or else as a result of the "run-
away" electrons. Owing to the low conductivity of the
avalanche chains, their number must be large to pass
a large current.

The development of a discharge was analyzed in [ 4 3 ]

with allowance for the development of avalanche chains
and the photoemission of electrons from the cathode.
A simplified model of the avalanche chain was used,
according to which the avalanche grew exponentially to
the critical size within a time tc, and the number of
electrons remained unchanged after the critical value
Nc was reached. It was also assumed that the current
of the circuit was due only to the electrons of the lead-
ing avalanche, with d > XQ at all times. The expres-
sion obtained for the characteristic formation time of
a discharge in which the current in the gap is i = i c is

(12)

where e is the electron charge, e 0 is the dielectric
constant, ux is the thermal energy of the electron in
the avalanche in eV, y is the number of secondary
electrons produced on the cathode as the result of the
photoeffect in a single ionization act in the avalanche
chain, r e x c is the average time of emission of the
excited gas molecules, i 0 is the current of the initiating
electrons, and va is the velocity of the avalanche
circuit.

As already shown in Sec. (b), the time τ increases
strongly with increasing d in gaps of length d < d0,
and changes little with d when d > d0. If it is assumed
that a gap d = d0 corresponds to the condition that part
of the avalanche chains touch the anode after a time τ,
then at d > d0 the current i = i c is reached within that
time even before the avalanche chains touch the anode.
Therefore the time τ should not depend on d. This is
confirmed by formula (12), since the length of the gap
d is under the logarithm sign and has practically no
influence on the time τ. It also follows from this as-
sumption that

At a fixed pressure, the velocity is v a ~ ν. ~ E 1 / z and
the electron thermal energy is ux ~ E 2 / 3 . [ 8 ] For a dis-
charge in an air gap between copper electrodes^131 we
have γ ~ Ε1*8. Consequently, according to (12) and (13),
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FIG. 7. Development of discharge initiated by a small number of
electrons.

τ ~ E" 3 / 2 and d 0 ~ E"1, which is in satisfactory a g r e e -
ment with the experimental plots of τ ( Ε ) (see Fig. 5).

Electron-optical investigations of the s t ructure of
the discharge space in a i r at a p r e s s u r e ~50 T o r r
were c a r r i e d out i n [ 4 4 ] without i r radiat ing the cathode
from any s o u r c e . During the stages of discharge for-
mation and of the s t a r t of the current growth, t h r e e -
dimensional glow in severa l narrow channels were ob-
served. Such investigations were c a r r i e d out i n t 4 5 ]

with a i r at atmospheric p r e s s u r e and at an e lect r ic
field intensity Ε = 80 kV/cm in gaps 4 and 2 mm long.
The discharge was investigated during the first few
nanoseconds after the application of the pulse. The
r e s u l t s of [45' have shown that after a voltage is applied
to the gap, three-dimensional glow is observed at the
cathode, which subsequently propagates to the anode at
a velocity ~10 8 cm/sec and grows simultaneously in
d iameter .

Figure 7a shows image-converter d iagrams of the
glow and an osci l logram of the discharge development
in a i r at Ε = 100 kV/cm (p = 760 mm Hg, d = 0.6
c m ) [ < 6 > " ' . The cathode was i r radiated by an auxiliary
spark simultaneously with the application of the high-
voltage pulse. The osci l logram shows sections of rapid
and slow voltage fall-off. It is seen from the image-
converter d iagrams that individual diffuse channels
appear in the gap 1 — 2 nsec after the rapid voltage
fall-off; after a certa in t i m e , bright formations appear
in individual spots of the diffuse channels. In the course
of t i m e , a contracted channel is produced in the gap.

Investigations by the method of interrupted d is-
c h a r g e [ 4 8 ] have also confirmed that when the cathode
irradiat ion intensity is decreased the discharge-forma-
tion t ime i n c r e a s e s , but the duration of the slow voltage
fall-off is then decreased, owing to the formation of
individual channels. Figure 7b shows a photograph of
the glow in the gap, obtained by the interrupted-dis-
charge method, and reveals that one or severa l narrow
channels a r e already present in the gap at the instant
when the fall-off se t s in. The number of such channels
can exceed 10. Such channels a r e described also
i n t 4 2 > 4 9 ] . The cause of these channels has not yet been
completely established. It can be assumed that they a r e
connected with the uneven distribution of the initiating
electrons on the cathode, owing to the presence of
electron-emitt ing centers on the cathode surface. In
this case , each channel should correspond to a separate
emission center .

It was shown i n f 5 0 1 that in the case of a smal l num-
ber of initiating e lectrons the current and voltage of
the spark during the stage of rapid growth of the c u r -
rent a r e satisfactorily described by the avalanche-
theory formulas obtained for multielectron initiation

(see Chap. 4, Sec. a)). The reason is that the fall-off
of the gap voltage occurs within the t ime of one ava-
lanche generation after a large number of electron
avalanches is accumulated.

It was noted in f 4 8 1 that in some cases there is no
stage of slow voltage fall-off, even though the maximum
rate of fall-off remains the same as the calculated one
(see formula (23) below). This is apparently due to the
fact that the growth of the current in the gap is the
resul t of rapid ionization of the channels that intersect
the diffusion volume (see Fig. 7).

4. PULSE DISCHARGE INITIATED IN A GAS BY A
LARGE NUMBER OF INITIAL ELECTRONS

a) Experimental results. An investigation of the
influence of the number of initiating e lectrons on a
pulsed nanosecond discharge in a i r at atmospheric
p r e s s u r e , at gap lengths up to 6 mm and at e lectr ic
field intensit ies up to 10 5 V/cm, was car r ied out by
Fletcher^ 3 7 1 . He used a microoscil lograph and high-
speed c i rcui t s with 10~10 sec resolution, and also a
pulse generator with a r i se t ime 3 χ 10"1 0 s e c .

The cathode was illuminated 60 nsec pr ior to the
a r r i v a l of the voltage pulse on the gap, and the photo-
current from the cathode, in the absence of a t i m e -
delay spread, was 1.7 χ 10"8 A. Inasmuch as at over-
voltages >80% each electron re leased from the cathode
is effective in the sense of breakdown initiation^ 2 1 3, it
follows that about 104 e lectrons a r e accumulated p r i o r
to the a r r i v a l of the pulse at the cathode, and this
el iminates completely the s tat is t ical spread of the
discharge-delay t i m e . The delay t ime was taken i n [ 3 7 ]

to be equal to the discharge formation t ime τ. The de-
pendence of τ on the field intensity Ε at atmospheric
p r e s s u r e in a i r is shown in Fig. 5 (curve 1). The value
of Ε was regulated by varying the length of the gap d
at a fixed voltage-pulse amplitude E o . At Ε >: 50
kV/cm, the value of τ depends only on the field Ε and
does not depend separately on the amplitude of the
voltage and on the length of the gap. At Ε < 50 kV/cm,
the experimental points at the voltage Uo = 7.5 kV
correspond to larger formation t imes in comparison
with points pertaining to higher voltages. At Ε < 42
kV, the curve for Uo = 12.7 kV lies above the curve
for Uo = 18 kV.

The function τ ( Ε ) was determined i n [ 3 8 ] for s ingle-
electron and multielectron initiation. To apply u l t r a -
violet radiation to the cathode, a hole was dril led in
the anode and covered with a grid. A diaphragm and
quartz glass were installed between the grid and the
spark illuminating the cathode. The quartz glass is
necessary to filter out the short waves and to prevent
photoionization of the gas. The current of the electrons
initiating the discharge was regulated by the size of
the diaphragm and by the length of t ime between the
a r r i v a l of the ultraviolet flash and the voltage pulse.
These experiments confirmed the conclusion that when
the number of initial initiating electrons is of the order
of 104, there is no spread in the discharge delay t ime,
and the τ(Ε) dependence agrees with that obtained i n r 3 7 1 .

Figure 8 shows the experimental curves (solid) ob-
tained i n r 3 ? 1 for the relative gap-voltage fall-off follow-
ing a breakdown in a i r , for different gap lengths d and
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FIG. 9. Development of discharge following multielectron initiation.

for different electric-field intensities Eo (the dashed
curves were calculated in f 5 0 1 ).

Electron-optical frame-by-frame photography of the
glow of a discharge in atmospheric air at Ε = 55—100
kV/cm, with exposure of 3 nsec [ 5 1 1, was performed
in t 4 e ] . Figure 9a shows the image-converter pictures
of the glow of a discharge developing in a gap 6 mm
long at a field intensity 100 kV/cm (p = 760 mm Hg).
The cathode was irradiated with an ultraviolet flash
from a spark 10"8 sec prior to the arrival of the pulse
at the gap. The gap-voltage fall-off first proceeds
rapidly and then slows down. The image-converter
pictures show that uniform diffuse glow is produced in
the gap already during the first nanosecond after the
application of the voltage pulse, and the glow intensity
increases rapidly during the stage of the rapid voltage
fall-off. For 15 nsec after the start of the voltage
fall-off, a uniform diffuse glow remains in the gap.
The glow of the gap during different stages of discharge
development in air at atmospheric pressure, at gap
lengths 3—6 mm and at E/p = 90-100 V/cm-mm Hg,
was observed also by the interrupted-discharge method.
Single rectangular pulses were used, with amplitude up
to 45 kV and with a regulated pulse duration from 5 to
20 nsec. The surface of the cathode was irradiated by
a corona-producing needle located in the immediate
vicinity of the cathode. The pulse oscillogram and the
corresponding glow in the gap during the discharge

development, obtained by the interrupted-discharge
method, are shown in Fig. 9b. A characteristic feature
of the nanosecond-pulse discharge is the absence of a
contracted channel at high gas pressure for a prolonged
time (up to 20 nsec) after the start of the increase in
the current. The discharge current reaches several
hundred amperes in this case.

It was assumed in t 3 ? 1 that the discharge is initiated
by a single electron and not by 104 electrons. This
contradiction was first pointed out inc*2 ]. It was as-
sumed that the τ(Ε) dependence obtained in t 3 7 ' agrees
with the deductions of the streamer theory and with
Raether's breakdown criterion (cf.f2>3]). The latter
states that the time τ is determined mainly by the
time necessary for the avalanche to grow to a size at
which it goes over into a streamer. Since a streamer
develops much more rapidly than an avalanche, the
influence of its development time on τ can be neg-
lected. Raether [ 3 1 has established that an avalanche
goes over into a streamer when the number of elec-
trons in the avalanche is of the order of ΙΟ8. τ(Ε) was
calculated in t 3 7 ] with allowance for the influence of the
avalanche space-charge field, and it was found that

τ = In NJav., (14)

where N c i s the c r i t i c a l number of the e l e c t r o n s in the

avalanche and depends in a compl ica ted manner on the

field intensity E, the g a s p r e s s u r e p, and the type of

g a s . However, a s noted i n f 3 7 ] , the resu l t changes l i t t le

if N c changes appreciably, s i n c e N c i s under the

logarithm sign in (14). The dependence of N c on ρ and
Ε can therefore be neglected, with good approximation,
and one can put N c = (1—5) χ 108. Then τ « 20/αν.,
thus describing satisfactorily the τ(Ε) curve shown in
Fig. 5.

It was established in [ 5 2 1 that a T(E) dependence
similar to that in r 3 ? 1 can be obtained by forgoing the
streamer theory and regarding the discharge-forma-
tion process as simply the development of an electron
avalanche. If it is assumed that the avalanche can
grow to a size capable of ensuring a large current in
the gap and a fall-off in its voltage as a result of the
decrease in the voltage across the main resistance of
the circuit, then the calculated current-growth time is
in good agreement with the experimentally measured
value [ 3 7 ].

It was assumed in r 5 2 ] a gap current up to about 100
amperes can result from the development of a single
electron avalanche. At a gap length on the order of
1 mm and an avalanche drift velocity v. = 107 cm/sec,
this yields ~1013 electrons in the avalanche. The pos-
sibility that an electron avalanche grows to such a
value is confirmed by the calculations given in Chap. 2
and by the experimental data of t l8'20]. As shown above,
when the number of electrons in the avalanche is of
the order of 108 (for E/p » 40 V/cm-mm Hg), the in-
fluence of the space-charge field of the ions is so large
that the growth of the number of electrons ceases to be
exponential and becomes slower. At large values of
E/p, this effect of slowing down of the avalanches takes
place at even a smaller number of electrons in the
avalanche (see Fig. 3).

To explain the τ(Ε) dependence obtained in [ 3 7 1, it
was proposed in [ 5 3 ] to use the diffusion theory developed
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for a microwave discharge. However, only the t e r m s
responsible for impact ionization and for the trapping
of the e lectrons were retained i n [ M 1 in the continuity
equation for the e lect rons, and diffusion was neglected.
It was assumed i n [ 5 3 ] that the breakdown sets in when
a definite rat io of final to initial e lectron density
n f i n / n o is attained in the gap. Then

τ = In (rafln n"l)/(oc — η) υ_, (15)

where η is the electron trapping coefficient. Since
a > i ) for a i r at atmospheric p r e s s u r e , and a value
nfin/n 0 = 10 s was chosen i n [ M 1 without any justification
whatever, it was natura l for the T ( E ) dependence given
by (15) to agree fully with (14) and with the experimental
r e s u l t s obtained in^ 3 7 ] .

b) Theory of avalanche-like growth of current in a
discharge initiated by many electrons. To explain the
experimentally obtained [ 3 7 1 τ ( Ε ) dependence, it was
assumed i n r 3 e i for the first t ime that the discharge is
initiated not by a single e lectron, but by many of them
(on the o r d e r of 104). In the s a m e paper, we introduced
the concept of multielectron and s ingle-electron dis-
charge initiation and showed that for the same electr ic
field Ε the value of τ is much lower in the former
case than in the la t ter .

Assume that the gap current grows as the resul t of
avalanche multiplication of N o initiating e lec t rons . To
calculate the t ime dependence of the spark current
i ( t ) , we examine the t rans ient process in a circuit
consisting of a voltage source Uo, a re s i s tance, and a
spark gap with intere lectrode capacitance. This i s
equivalent to a circuit in which the spark gap i s con-
nected in s e r i e s with a coaxial l ine, a s in the experi-
ments of [ 3 e > 3 7 ]. The spark gap is replaced by a current
generator . The equations for the current takes the
form

{t) = (u0 - u)/R,

(16)

where e is the electron charge, Uo the pulse ampli-
tude, v_ and α the electron drift velocity and the im-
pact-ionization coefficient, C the interelectrode
capacitance, R the circuit r e s i s t a n c e , and U the gap
voltage.

The discharge formation t ime τ is determined from
the c u r r e n t osci l lograms and is measured from the in-
stant of voltage application to the instant when the
current reaches a certain value ic determined by the
resolution of the oscilloscope tube. Since a weak cur-
rent flows through the gap during the t ime τ , we have
R i c <& Uo and we can assume that a and v. a r e con-
s tants . Then

C (dUldt) + N^evJ-1 exp (S av. dt) = i (t),

τ = (αϊ;.)-1 In licd (1 + RCav_)leNav_). (17)

If we a s s u m e t h a t t h e c u r r e n t i c i s ~ 5 % of U o / R , t h e n

we c a n show t h a t for t h e e x p e r i m e n t a l c o n d i t i o n s of [ 3 7 ]

t h e q u a n t i t y u n d e r t h e l o g a r i t h m s i g n i s of t h e o r d e r of

1 0 8 . T h i s a g r e e s w e l l wi th t h e v a l u e of N c in (14).

Since i c i s u n d e r t h e l o g a r i t h m s i g n , a c e r t a i n l e e w a y

in t h e c h o i c e of i c i s j u s t i f i e d , b e c a u s e a n e r r o r in i c

by even one o r d e r of magnitude makes the e r r o r in τ
only 10—15%. Consequently, formula (17) for the de-
pendence of τ on the electr ic field Ε and on the gas

to3

to
«r «rW IS* W'7

pr, Ton-sec

FIG. 10. Experimental ["] breakdown-formation time for different
gases: l-freon-C318; 2-freon-l 14; 3-freon-12; 4-SF6; 5-N2; 6-air;
7_O2; 8-Ar; 9-He.

p r e s s u r e ρ is in good agreement with the resu l t s of
experiment, just a s (14).

It follows from (14) and (17) that the τ ( Ε ) depend-
ence can be written in a form that agrees with the
s imilar i ty law. Indeed, since α/ρ = fi(E/p), v. = f 2 (E/p),
and furthermore τ depends little on i c , it follows that

ρτ = F (Elp). (18)

T h e v a l i d i t y of (18) f o r m a n y g a s e s w a s d e m o n s t r a t e d

i n t 5 S ] , w h e r e t h e v o l t a g e r a n g e f r o m 4 t o 30 kV, t h e

p r e s s u r e f r o m 1 t o 760 m m H g , t h e g a p l e n g t h f r o m

0.1 to 6 cm, and the obtained τ was 0.5—30 n s e c . The
dependence of ρτ on E/p for different gases is shown
in Fig. 10.

Formula (17) descr ibes correct ly the dependence of
τ on E/p and agrees with the s imilar i ty law only if a
total avalanche current equal to or la rger than ic can
be obtained over the length of the gap. If such a current
cannot be obtained, formula (17) ceases to be valid and
one should expect deviation from the s imilar i ty law.
The condition under which such a deviation is to be
expected takes the form d < τν_. At RCav_ < 1, it
takes the form

d < a-1 In (UdleNov_). (19)

To make a comparison of (19) with experiment con-
venient, we multiply the left- and right-hand s ides by
E o and compare the resu l t s with the experimental
d a t a [ 3 7 ] . We then obtain

U < (Ela) In (20)

If we substitute in (20) the value of a from (2), then the
value of E/p below which the s imilar i ty law ceases to
be satisfied is given from the relation

E/p = Bo {1 + (M/2i/0) + [MUo1 + (MV4UDYI*}, (21)

where Μ = (1/ABO) In (i c d/eN o v_). At Uo = 12.7 and
7.5 kV and at ρ = 760 mm Hg, the values of the e lec-
t r ic field Ε in accordance with formula (21) a r e 42
and 51 kv/cm, respectively. The experimental values
of Ε (see Fig. 5) a r e 42 and 50 kV/cm f 3 7 ] .

It was shown i n [ 5 0 1 that the stage of rapid gap-cur-
rent growth can be attributed, just as the stage of dis-
charge formation, to the development of electron ava-
lanches with allowance for the variation of the gap
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FIG. 11. Plot of y(r) for a = 160, 130, 90, and 60 V/cm-mm Hg
and b = (2, 5, 10, and 20) Χ 10'4 (mm Hg)3 cm3/v2.

vol tage a s a r e s u l t of the p r e s e n c e of an act i ve r e s i s t -

a n c e in the d i s c h a r g e c i rcu i t .

In the p r e s e n c e of an i n t e r e l e c t r o d e capac i tance C,

Eq. (16) with an a l lowance for the re lat ion (3 ' ) for v.

t a k e s the f o r m r 5 0 1

y'v + y (1 - y) + & (1 - y - y) Ψ (ay) = 0, (22)

where y = E / E o = U/U o , y = dy/dr, y = d 2 y/d T

2 ( T = t / 0 ,

and θ =RC);0(ay) = (E/p) 2 a/p, a = E 0 /p; b = p2Co0/Eo,
Ε is the field intensity in the gap, and Eo = E0/d is the
field intensity at which breakdown of the gap takes
place. Equation (22) for air gaps was solved numeric-
ally with an M-20 computer. The result of the calcula-
tions are shown in Fig. 11 (the first subscript of y
corresponds to the number a, and the second to b).
The voltage fall-off curve is at first steep and then
slows down. The transition from the rapid current
growth to the slow one is due to the increase of the
voltage drop on the active resistance with increasing
current. This decreases the field intensity in the gap
and accordingly decreases the impact-ionization coef-
ficient a and the electron drift velocity v_.

It follows from (22) that the voltage and current of
the spark do not depend on the number of initial elec-
trons No- Figure 8 shows the experimental^71 (solid
curves) time dependence of the gap voltage and those
calculated with the avalanche model (dashed curves) at
different values of E 0 /t . It follows from Fig. 8 that
wherever the similarity law holds for the time τ ( Ε 0 / ρ
> 66 V/cm-mm Hg) the experimental and theoretical
time dependences of the gap voltage are in satisfactory
agreement. At E o > 130 kV/cm, the theoretical curves
lie lower than the experimental ones. This is attributed
to the small value of the time τ, which amounts to 0.2
nsec and is almost equal to the transient time constant
of the recording system^37'541.

At an interelectrode capacitance C = 0, and also
when α/ρ is approximated by formula (2) in the range
40 < E/p < 140 V/cm-mm Hg, we obtain from (22)

dzldx '= (1 - z)1 (z -Dfz,
where

D = 1 - {Β,ΙΕ,ρ-1), τ = ί/θ,, θ, = (ΑΟ,ρ)-1

ζ = i/U0R- = 1 - (Elp)l{EJp) = 1 - y.

FIG. 12 FIG. 13

FIG. 12. Experimental (upper curve) and theoretical (dashed curve)
values of y g = E g/U 0 and theoretical value of p t m a x (lower curve) vs.
E0/p-

FIG. 13. Equivalent circuit of a discharge of a capacitor into a gas
gap with a dielectric-coated electrode.

The s l o p e di/dt a s s u m e s a m a x i m u m value ( d i / d t ) m a x

on the s t e e p s e c t i o n of the z ( t ) c u r v e . The maximum

s l o p e of the current in the gap i s b e s t c h a r a c t e r i z e d by

a t i m e t m a x = I o ( d i / d t ) " m a x , where i 0 = U o / R . The

t i m e t m a x s a t i s f i e s the s i m i l a r i t y law, and there fore

Ptm (άζ/άτ)α ( 2 3 )

T h e d e p e n d e n c e o f p t m a x o n E 0 / p , p l o t t e d i n a c c o r d -

a n c e w i t h f o r m u l a ( 2 3 ) , i s s h o w n i n F i g . 1 2 , t o g e t h e r

w i t h t h e e x p e r i m e n t a l v a l u e s ( c i r c l e s ) o b t a i n e d f o r

P ^ m a x i n r 3 7 1 . In t h i s e x p e r i m e n t , t h e d i a m e t e r o f t h e

f la t e l e c t r o d e s w a s c h o s e n s u c h a s t o b e a b l e t o n e g l e c t

t h e e f f e c t o f t h e i n t e r e l e c t r o d e c a p a c i t a n c e o n t h e v a l u e

of t n i a x 1 - 5 0 1 · T h e s p a r k c u r r e n t a n d v o l t a g e f i r s t v a r y

r a p i d l y , a n d t h e n s l o w d o w n b e c a u s e o f t h e d e c r e a s e o f

α and v_. The gap voltage at which the slope of the
voltage fall-off is much smaller than the maximum
value can be calculated theoretically when solving (16).
Figure 12 shows the relative gap voltage yg = Ug/U0

at which the rate of current growth decreases to one-
fifth the maximum value r501, as a function of E 0 /p. The
same figure shows the experimental plot of y g( E0/p)
for air at atmospheric pressure and for gap lengths
d = 1 (curve 1), 2 (2), and 4 mm (3) t 5 O ].

In the foregoing analysis of the discharge, the
parameters characterizing the properties of the elec-
trodes do not enter in the derived formulas. It is
therefore of interest to analyze the development of a
discharge in the presence of a dielectric on the elec-
trodes . If the dielectric surface is assumed to be
equipotential, then the gap can be regarded as consist-
ing of a gas section, a dielectric section, and sections
with appropriate capacitances. The current through
the gas section is determined in analogy with (16). It
is easy to show that for this case

τ = (αν.)-1 In [icd2 (1 -f av_RC3)leNov_], (24)

where C 3 = C i C 2 / ( d + C 2), Ci i s the capac i tance of

the d i e l e c t r i c l ayer on the e l e c t r o d e s , and C 2 and d2

a r e the capac i tance and length of the a i r gap. If Ci

» C 2 , then formula (24) g o e s o v e r into (17), i .e . , the

p r e s e n c e of a d i e l e c t r i c f i lm on the e l e c t r o d e s d o e s

not influence the value of the time τ, as was indeed
observed in [ 3 7 > 5 5 ] .

It was proposed in [ 5 e l to generate nano- and sub-
nanosecond large-current pulses by using a discharge
between electrodes of a dielectric with large e and
multielectron initiation. The equivalent circuit for the
discharge of a capacitance C into a gap with a die-
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FIG. 14. a) Current oscillograms of a discharge with a beam; b) ex-
perimental plots.

lectr ic i s shown in Fig. 13. The value of i c is de ter-
mined by the second t e r m of (16). The influence of the
inductance L or of the res i s tance of the discharge
circuit on the current is significant when L i a / t p ~ Uo

o r R i a ~ Uo. Assuming Ci ^> C 3> C 2 and disregarding
R and L, the resul t obtained i n r 5 6 ] was

ia = (E0/p), i p =

where Γ ( E 0 / p ) ~ 0.1 + 5 · 10~4 [ ( E 0 / p ) - 100)], 100
< E/p < 400 V/cm-Torr , t p i s the duration of the
c u r r e n t pulse, i a i s the pulse amplitude, and u 0, a0,
and v0 a r e the initial values of the voltage, impact-
ionization coefficient, and drift velocity. It is possible
in this case to el iminate the localization of the d i s-
charge current in a channel and thereby eliminate the
influence of i ts inductance on the duration and ampli-
tude of the c u r r e n t pulse.

c) Discharge in a gas in the presence of an intense
source of prel iminary ionization. The theory of ava-
lanche switching with mult ielectron initiation, de-
scribed in Chap. 4b, can be extended not only to gaps
with over voltages, but a lso to the case when the break-
down occurs at the static breakdown voltage o r at
lower voltages. The main requirement i s to ensure an
initiating-electron current i 0 = eNov_/d such that at a
gas gain <10 B of the discharge current in the circuit
reaches a value at which the gap voltage begins to fall
off. Then, if the initiating e lectrons a r e distributed
over the cathode surface, the breakdown is initiated by
ionization in the gas volume without formation of
localized spark channels. For example, at an initiating-
electron current i 0 ~ 10"7 A, i .e . , at N o ~ 105 and at a
gas gain 108, the current in the external circuit
reaches ~10 A. Recognizing that additional photoelec-
t rons will come from the cathode as a resul t of the
photoeffect during the t ime that the avalanche grows to
Ν = 10 8 e lectrons, it becomes obvious that the total
discharge current greatly exceeds 10 A. Such a dis-
charge is realized by initiation with an intense u l t ra-
violet flash, as was used, e.g., i n r 5 7 ] . The ultraviolet
radiation incident on the cathode produces a large
number of e lectrons as the result of the photoeffect. It
is shown i n t 5 7 ] that as the a i r-gap voltage reaches the
static breakdown value, the t ime between the instant of
the appearance of the flash and the breakdown ap-
proaches the t ime d/v_ required for the avalanche to
t r a v e r s e the gap. It is easy to show that this result
can be obtained by s tart ing from the theory developed
in Chap. 4b.

If we replace a in formula (17) for the t ime r e -

quired for the gap current to grow to the value i c ,
which can be regarded as the breakdown t i m e , by the
value α » 20/d obtained from R a e t h e r ' s condition for
static breakdown r i > 2 ] i .e., if we assume that the gas
gain does not exceed 108, then we obtain

τ = (d/v.) In (UdleN0v.)l2Q » dlv..

The breakdown formation t ime τ was calculated
i n [ 5 8 1 for the case when short-durat ion (~10~9 sec)
ultraviolet flashes were used to i r radiate gaps with
voltages amounting to 90—95% of the static breakdown
value. It was found that the t ime τ l ies in the interval
d/v. < τ <gC d/v+, where v t is the drift velocity of the
positive ions. A strong dependence of τ on the value
of the undervoltage was obtained.

To eliminate the discharge channel in a h igh-pres-
s u r e gas, it was proposed i n [ 5 8 1 to initiate the discharge
by a beam of fast e lec t rons . An electron beam with
c r o s s section 20 c m 2 was introduced through a tantalum
foil into a nitrogen-filled gap into which a line with
wave res i s tance R = 10 Ω was discharged^ 5 8 1 . The line
was charged by pulse to a voltage Uo = 5—250 kV. The
maximum beam energy was 180 keV and the average
was ~80 keV. Typical discharge current osci l lograms
a r e shown in Fig. 14a. At Uo s U^ (U^ is the stat ic
breakdown voltage), the discharge current I is s imi lar
in shape to the beam current i_ (curves 1 and 2 of
Fig. 14a), and increases linearly with i . (curve 1 of
Fig. 14b). At Uo s U^ and ρ » 3 a tm, the discharge
current increases sharply in a t ime t^ after the ap-
pearance of the beam (Fig. 14a, curve 3); at Uo < U^
and ρ ~ 1 a tm, the current begins to grow immediately
without any delay whatever (curve 4 of Fig. 14a). In
this case, as in all cases when Uo < U^, glow was ob-
served in the entire volume of the gap, whereas at Uo
> U^ and ρ > 3 a tm, a spark channel was observed in
the gas gap at t > t + . Typical experimental plots of
t + ( U 0 ) (2) and I(U 0 ) (1) a r e shown in Fig. 14b. In the
figure, β = U 0 / U , .

For the line at v . t < d, the discharge current i s t 5 9 ]

i = U0UI(i +BXt), (25)

where λ = nok o (tf)L/pd, n 0 = 3.5 ·10 1 β cm" 3 is the con-
centration of the gas molecules at a p r e s s u r e of
1 mm Hg, ( σ ) is the average c ross section for gas
ionization by the electron beam, k0 is the coefficient
of proportionality between the drift velocity and the
quantity U 0 /pd, and d is the gap length. The influence
exerted by the uneven potential distribution along the
gap on the current can be taken into account by solving
the one-dimensional Poisson equation and the contin-
uity equation, using successive approximations. It can
be shown that at v . t <g; d the cathode drop is

• Uc « U0-2vJ/d.

The l inear initial section of the I(U 0 ) curve (I is
the current amplitude) (curve 1, Fig. 14b) is the well
accounted for by formula (25). The saturation at Uo

< U^ is due to the growth of the cathode voltage drop
U c and the decrease of the voltage drop in the d i s-
charge column. The growth of I( Uo) at Uo > U, is due
to the avalanche multiplication of the e lec t rons . In the
lat ter case, the discharge current was independent of
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vs. t h e a p p l i e d field E 0 [ 6 2 ] .

F I G . 1 6 . D i s t r i b u t i o n o f d e l a y t i m e t j .

t h e i n i t i a l n u m b e r o f e l e c t r o n s , a s f o l l o w s f r o m t h e

c o n c l u s i o n s o f C h a p . 4 b . A t U o > U ^ , t h e c u r r e n t I ( U 0 )

i n t h e e x p e r i m e n t r s 9 ] r e a c h e d a m a x i m u m a t a c e r t a i n

t i m e a f t e r t h e v a n i s h i n g o f t h e b e a m c u r r e n t i_ . A t U o

< I L , t o t h e c o n t r a r y , t h e m a x i m u m o f t h e c u r r e n t

I ( U o ) o c c u r r e d p r a c t i c a l l y e x a c t l y a t t h e s a m e t i m e a s

t h e t r a i l i n g e d g e o f t h e L p u l s e . I t w a s s h o w n r e l a -

t i v e l y r e c e n t l y t h a t t h e s p a c e c h a r g e i n a g a s c a n b e

u s e d t o p u m p g a s l a s e r s o p e r a t i n g a t h i g h g a s p r e s -

s u r e s 1 ^ 6 0 1 . A n i m p o r t a n t r o l e i s p l a y e d i n t h e p u m p i n g

p r o c e s s b y t h e e n e r g y a b s o r b e d b y t h e g a s - d i s c h a r g e

p l a s m a f r o m t h e s t o r a g e d e v i c e ( c a p a c i t o r o r l o n g

l i n e ) . I t i s e a s y t o s h o w t h a t i n t h e c a s e w h e n t h e i m -

p e d a n c e s o f t h e d i s c h a r g e g a p a n d t h e s u r g e e l e m e n t

a r e e q u a l , p r a c t i c a l l y t h e e n t i r e e n e r g y o f t h e l a t t e r i s

a b s o r b e d b y t h e p l a s m a w i t h i n t h e t i m e n e c e s s a r y f o r

t h e p u l s e t o t r a v e r s e d o u b l e t h e l i n e l e n g t h . I n t h e

c a s e o f a v a l a n c h e m u l t i p l i c a t i o n o f t h e e l e c t r o n s , a c -

c o r d i n g t o t h e c a l c u l a t i o n c u r v e s ( s e e F i g . 1 1 ) , t h e

r e s i s t a n c e o f t h e d i s c h a r g e g a p c a n b e m a d e c o m m e n -

s u r a t e w i t h t h e w a v e r e s i s t a n c e o f t h e l i n e o n t h e f l a t

s e c t i o n s o f t h e y{r) c u r v e s . T h i s m a k e s i t p o s s i b l e t o

d e t e r m i n e t h e r e l a t i o n b e t w e e n t h e p a r a m e t e r s o f t h e

g a s d i s c h a r g e a n d t h e p a r a m e t e r s o f t h e e x t e r n a l c i r -

c u i t a n d t h u s o b t a i n o p t i m a l p u m p i n g c o n d i t i o n s . I f

t h e r e i s n o a v a l a n c h e m u l t i p l i c a t i o n , w h e n U o <& U T ,

such a relation is easily obtained from (25). Ι η Γ 5 8 ] , the
specific energy dissipated in the gap following the d i s-
charge of a long line charged to 700 kV, at a current
40 kA, was approximately 10 j / c m 3 .

5. FEATURES OF DISCHARGE IN GAS IN AN
ULTRASTRONG ELECTRIC FIELD

As already noted, the surfaces of rea l e lectrodes
always have microscopic projections at which the
electr ic field can be s t ronger by hundreds of t i m e s . In
a strong electr ic field, the field-emission current
from the projections becomes so s trong that the pro-
jections explode and form a plasma that leads to fur-
ther enhancement of the electron emission from the
c a t h o d e f 8 1 ] .

An experimental investigation of the explosion of
sharp-point e lectrodes in vacuum following application
of rectangular pulses of duration tp = 5 χ 10"fl—4
χ 10~ esec is described i n r e z ] . At t p = 5 χ 10"9 sec , a

current density exceeding 109 A/cm 2 could be obtained
from an emit ter of radius r e « 10 ' 5 cm with a cone
angle e « 15°. The t ime t elapsed before the dis inte-
gration of the projection was found to be strongly de-
pendent on the field E o at the point (Fig. 15).

It was shown i n [ e z i that the explosion of microscopic
projections on the surface of the cathode initiates an
electr ic discharge in vacuum. In the case of breakdown
of gas-filled gaps with field intensity up to 10° V/cm,
the explosion of the microscopic projections can exert
a very strong influence on the discharge p r o c e s s . The
delay t ime of the breakdown, at an average electr ic
intensity 10 6 V/cm between flat e lectrodes, is t h e r e -
fore 10~9 s e c .

An investigation of pulsed breakdown of a i r gaps at
atmospheric p r e s s u r e and at an e lectr ic field intensity
(0.3-1.4) χ 10" V/cm was c a r r i e d out i n r 3 5 ] . The
pulse-front duration was 0.3 n s e c . The breakdown
delay t ime t<j was assumed to be the t ime from the
s t a r t of the application of the voltage to the s t a r t of
the rapid growth of the c u r r e n t . Since td had a s ta t i s -
t ical scat ter , the s tat i s t ical distribution of this t ime
was determined. The values of td depended on the
cathode mater ia l , on the degree of its surface finish,
and on the pr ior conditioning. Figure 16 shows the
distribution of the t imes td at Ε = 1.4 t imes 10 e V/cm
and a gap length 0.1 mm, for highly polished copper
electrodes (p = 760 mm Hg). The plots of the logarithm
of the relative number of breakdowns n/n 0 ( n 0 is the
total number of breakdowns having a delay t ime td and
longer) against this t ime were s i m i l a r . At large t,
these plots a r e straight l ines, and at smal l ones they
have bends. The slopes of these lines depend on the
field intensity and on the gas p r e s s u r e .

An investigation of the t ime of current growth and
of the spark voltage fall-off in u l t ras t rong fields is
made difficult by the shortness of this t i m e . It does
not exceed 10"1 0 s e c . A step-like voltage fall-off was
observed i n r 3 9 1 at E/p = 103—104 V/cm-mm Hg and at
a i r p r e s s u r e 1—10 mm Hg, the voltage-step duration
being of the o r d e r of 10"8 s e c .

Attention was called i n [ 3 3 ' 3 4 ] to the role of the
" r u n a w a y " electrons in a discharge plasma. In a
nanosecond pulsed discharge, the degree of ionization
of the plasma is close to that in an avalanche of c r i t i -
cal s ize . According to the data given in Chap. 2, the
degree of ionization in nitrogen at a p r e s s u r e ρ = 760
mm Hg and Ε = 105 V/cm, was 10"5 after ~10" 9 s e c .
For avalanches at p r e s s u r e s lower than atmospher ic ,
this value is even l o w e r r l ] . At such values of the
degree of ionization, the collision between the electrons
and the ions can be neglected in the energy balance of
the e lectrons, and it is necessary to take into account
only the collisions of the electrons with the gas mole-
cules; at an electron energy W > 5eUi/2, this leads to
the equation r K > 1

dW/dx = eE - (in^nzlW) In (2W/t), (26)

where Ui is the ionization potential, W = mv 2 /2; m, v,
and e a r e respectively the energy, m a s s , velocity, and
charge of the electron, ζ is the total number of e lec-
t rons in the molecule, χ is the path of the electron
along the field line, ? is the averaged excitation energy
of the e lectrons contained in the molecule, and η is the
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gas density. It follows from (26) that at W = 2.72 e the
second t e r m is maximal . Then

Ε = Eo = 4πβ>ηζ/2,72ε, ( 2 7 )

a n d d W / d x = 0 .

If Ε > E c , then dW/dx > 0 and the e lectrons in the
discharge plasma begin to be accelerated continuously.
E c is called the cr i t ica l field of electron " r u n a w a y . "
It follows from (27) that E c / p = 3390z/i", where ¥ is
the energy in eV, E c is in V/cm, and ρ is in mm Hg.
For nitrogen, ζ = 14, ? « 130 eV t 8 4 ] , and E c / p
« 365 V/cm-mm Hg.

The integral (26) shows that at E / E c > 2 and for
2Ede/'£ > 100 (where d is the gap length) the energy of
an electron "running a w a y " from the cathode region
approaches W « eEd at the anode; this should cause
x-rays to be emitted from the anode.

X-radiation from a discharge in helium at a t m o s -
pheric p r e s s u r e between a pointed cathode and a flat
anode was observed i n f 6 5 1 . The voltage pulse duration
was 10 nsec and the amplitude was 240 kV. The m e a s -
ured energy of the x-ray quanta was 10—13 keV and
the number of accelerated electrons was of the order
of 10 1 1 . No x-radiation was regis tered i n r 6 6 ] for a
discharge in a i r under analogous conditions.

X-radiation in a i r at atmospheric p r e s s u r e was ob-
served i n r 3 3 ] at a gap length 0.4 mm and a field intensity
1.3 χ 10β V/cm; the amplitude of the pulse applied to
the chamber was 52 kV and the r i se t ime was 1 n s e c .
Under these conditions, the quantum energy was
- 2 0 keV.

The dependence of the x-ray intensity on E/p was
investigated ϊ η Γ β β ] . The electr ic field in the gap was
uniform and the field r i se t ime was 1 n s e c . The field
intensity was ~100 kV/cm and the gap length 4 m m .
The a i r p r e s s u r e was varied in the range from 80 to
760 mm Hg. The anode was an aluminum plate 0.5 mm
thick, on which a scinti l lator was placed; the scinti l-
lator glow was reg i s tered with a photomultiplier.

Plots of the x-ray intensity against E/p a r e shown
for a i r and helium in Fig. 17 (the intensity was m e a s -
ured after passage through an aluminum anode 0.5 mm
thick within a solid angle 0.2ττ). It follows from the
figure that in a i r the intensity decreases sharply with
increas ing p r e s s u r e , whereas in the case of helium it
remains appreciable even at ρ = 760 mm Hg.

The x-ray quantum energy was measured in a i r at
ρ = 80 mm Hg and in helium at ρ = 400 mm Hg by the
foil method. It was shown that for discharge in a i r at
ρ = 80 mm Hg, gap length 0.4 cm, and voltage 40 kV
between the e lectrodes the maximum x-ray quantum
energy was 16 keV. If it is assumed that the radiation
is produced by electrons of energy 16 keV, then simple
calculations show that a discharge in a i r at a p r e s s u r e
80 mm Hg contains ~ 5 x 10 1 0 e lectrons having this
energy.

6. CONCLUSION

We have considered a pulsed e lectr ic discharge in
gases at appreciable gap overvoltages, when the c h a r -
acter i s t ic t ime of discharge development amounts to
severa l nanoseconds or to fractions of a nanosecond.
A character i s t ic of a discharge of this type is that the

w, i<n J
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FIG. 17. X-ray energy per pulse vs. E/p in helium (1) and in air (2).

t ime during which the electron avalanche grows to its
cr i t ica l s ize is commensurate with or shor ter than the
average lifetime of the excited gas molecules . In addi-
tion, the cr i t ical number of e lectrons and the c o r r e -
sponding number of excited molecules in the avalanche
a r e themselves decreased with increasing applied
electr ic field. This d e c r e a s e s greatly the yield of the
photons from the avalanche and leaves its imprint on
the entire discharge p r o c e s s .

F i r s t , the discharge loses its s t r e a m e r character
in the sense that the avalanche initiated by one or
severa l e lectrons does not lead to the production of a
s t r e a m e r and to its t ransformation into a discharge
channel. To complete the discharge in this case , a
large number of electron avalanches must be produced
by photoelectrons from the cathode. In this sense, a
pulsed nanosecond discharge has many features in
common with a Townsend d i scharge . Unlike the lat ter ,
however, the electron avalanche develops exponentially
only during a very short t ime, after which, owing to
the presence of the ion space-charge field, the ra te of
multiplication of the part ic les in the avalanche de-
c r e a s e s . Then, as a result of the formation of new
electrons ahead of the avalanche, an avalanche chain is
produced, in which the growth of the number of e lec-
t rons with t ime can be regarded as l inear.

Second, a gas-gap current comparable with the
maximum current determined by the discharge-circuit
p a r a m e t e r s is produced in such a discharge even be-
fore spark channels a r e produced in the gap. Such a
space charge is observed in a i r , nitrogen, e tc . up to
p r e s s u r e s of severa l a tmospheres , within a t ime of
s e v e r a l dozen nanoseconds.

Third, after a large value of the current is reached
in the gap, one observes in the gap the formation of not
one but of a large number of spark channels. The
reason for the formation of the channels has not yet
been established, and the processes in them have not
been investigated.

The picture changes appreciably if the number of
electrons initiating the discharge is increased . In
multielectron initiation, a space-charge current com-
parable with the maximum circuit current can be ob-
tained without participation of secondary p r o c e s s e s
only through development of pr imary electron ava-
lanches. Of part icular interes t is a discharge initiated
by a beam of fast e lec t rons . In this case, the space
charge at a gas p r e s s u r e up to severa l dozen a tmos-
pheres can be obtained even at a gap voltage much
lower than the static breakdown voltage.

A discharge of this type can be used to excite gas
l a s e r s operating at high p r e s s u r e s . It is therefore
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necessary to investigate in the future the conditions
for optimal energy t rans fer from the s torage device to
the volume of the d ischarge.

At a gap field intensity exceeding 10 5 V/cm, a num-
b e r of new phenomena begin to appear in a gas dis-
charge . F i r s t , at large E/p the energy lost by the
electron becomes s m a l l e r than the energy acquired by
it from the field. This leads to a progress ive acce le ra-
tion of the e lectrons and to their " r u n a w a y " from the
avalanche, and is manifest by x-ray emission from the
anode. Second, discharge can influence effect c h a r a c -
t e r i s t i c s of vacuum breakdown, such a s e lectr ic ex-
plosion of microscopic sharp points on the cathode and
the appearance of explosion emission of the e lec t rons .
This type of discharge, however, has been little inves-
tigated so far.
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