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The concepts of local and nonlocal models of the breakdown of dense gases are introduced. The
basis for a nonlocal model with runaway electrons is discussed. Experimental results on electric
discharges in dense gases which develop in a regime of intense electron runaway, in contrast with
the classical forms of gas discharges, are reviewed. It is shown that electron runaway plays a
fundamental role in the breakdown dynamics of dense gases over a wide range of conditions.
Space-time and energy characteristics of the pulses of runaway electrons and of the
accompanying x radiation are reported. The involvement of runaway electrons in the breakdown
mechanism can be seen in a shift of the minimum on the U(Pd) curves toward higher values of Pd
as the overvoltage increases. When the overvoltage reaches a large factor, a polarization self-

acceleration, as discussed by Askar’yan, occurs, and runaway electrons with energies £ > eU,

max

are generated. The breakdown of a dense gas in a strong field differs from that at a moderate
overvoltage in that it ceases to be a purely volume process.

1.INTRODUCTION

The breakdown of gases at pressures from tens to thou-
sands of Torr by nanosecond-range high-voltage pulses has
been under study for five decades now, beginning with the
pioneering studies by Neuman' and Fletcher.? Progress in
the technology of nanosecond high-voltage pulses in the
1960s attracted increased interest to nanosecond discharges
in gases. Despite the rapid growth in the number of experi-
mental studies®* and in technical applications®® of nano-
second gas discharges, the advance to a new time scale was
not accompanied by a corresponding reexamination of the
fundamental ideas of the classical breakdown models, which
had been developed for approximately static conditions.®!?
This is true despite the fact that in a review many years ago
Mesyats et al.® pointed out that gas discharges at the nano-
second time scale have some qualitatively new aspects. Al-
though the various models for the breakdown of dense gases
differ in many ways, sometimes radically, they do have one
common fundamental feature: They are “local” models in
the sense that the values of such average quantities as the
electron energy (&), the directed velocity » _ and the Town-
send ionization coefficient a at a given space-time point (r,t)
are determined by the local field at the same point,
E(r,t) =E,+ E, (r,t), where E;and E, = E,. + E_- are
the external field and the space-charge field. Among the lo-
cal models are Townsend’s model of the multiple generation
of avalanches involving y processes at the cathode and the
various modifications of the single-avalanche streamer mod-
el of Meek, Loeb, and Raether.®!? The latter model is in-
voked to describe the breakdown of dense gases on the right-
hand branch of the Paschen curve [ Pd> (Pd ), ] in casesin
which the length scale (z_, ) and time scale (z., ) of the devel-
opment of the avalanche to a critical size according to the
Meek or Raether criterion satisfies the relations

o <, (1

z.=alln N <d,

where N { is the number of electrons in a critical ava-
lanche, and d is the distance between electrodes. In a classi-
cal streamer model one can distinguish three basicideas: (1)
The field is intensified at the fronts of electron avalanches
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and streamers because of their polarization
(Er=E;+ Ept ). (2) A preionization of the gas is caused
ahead of the fronts by photons with energies #iw ~¢;, where
&; is the ionization potential. (3) The governing process in
the breakdown mechanism is ionization in the gas volume;
emission from the cathode is inconsequential. As a result of
this field intensification, the electron energy becomes far
higher than the quantity {(¢(E,)), where E,, is the equilibri-
um value of the external field. As a result, ionization pro-
cesses intensify. Volume photoionization is used to explain
the high streamer propagation velocities > 6v_ (E;), and it
is of fundamental importance for the propagation of a
streamer toward the cathode. The photoionizing radiation
was studied experimentally and identified in Refs. 13-17,
among other places. A question which remains a matter of
debate is the nature of the radiation which initiates second-
ary ionization centers outside the volume of the primary ava-
lanche.>!®12!5-2° In pas mixtures, transparency windows
exist, and the emission by certain components ionizes oth-
ers.”?!?? The streamer model has been interpreted most
clearly by Lovanskii and Firsov,'? according to whom sec-
ondary avalanches are initiated in an associative ionization
reaction 4 + A *->A4," + e~ involving excited atoms 4 *
which are generated by long-range photons with fiw <¢;
emitted in the line wings. In molecular gases, however, the
energy of the first excited state which is capable of partici-
pating in this reaction differs only slightly from &; (Ref. 19),
and the number of photons emitted from the primary ava-
lanche is definitely too small. An alternative explanation is
photoionization by recombination photons with'®?®
fiw > £;, but the latter are strongly absorbed in a dense gas
and do not escape from the volume of the primary avalanche.
They are not detected in the breakdown state,?*** possibly
because of limitations imposed by the sensitivity of the mea-
surement instruments. Note should also be taken of attempts
to construct a phonon-free mechanism for streamer propa-
gation, on the basis of plasma waves.?*?¢ It is fair to say that
the various modifications of the streamer model are today
generally accepted for describing the breakdown of dense
gases at relatively low overvoltages (A «€1), although the
analytic and numerical studies have had to be restricted to
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an enumeration of possible photon emission mechanisms
which would be capable of ionizing a gas over large dis-
tances, without the assignment of a preference to any one of
these mechanisms!® (the “overvoltage” is to be understood
here as the quantity A = U, /U, — 1, where U, < U ™is the
maximum value of the voltage pulse U(t) across the elec-
trode gap, UL, is the maximum value of the pulse from the
generator under open-circuit conditions, and U, is the static
breakdown voltage of the given gap).

If the overvoltage is sufficiently high (AZ 1), the
breakdown of a dense gas and the development of the entire
gas-discharge process take a course different from that of
classical discharges. The discrepancy with the generally ac-
cepted local models becomes particularly obvious at A> 1.
As A s increased, the scale values z, and ¢, decrease rapid-
ly, and at A> 1 the energy of the directed motion of the elec-
trons becomes comparable to the total kinetic energy. An
extrapolation of the first of the three streamer-model ideas
listed above into the strong-field region unavoidably leads to
the conclusion that “runaway” electrons (REs) can be pro-
duced at the front of a streamer under the condition
Ey<E_., where E_, is the critical field, which causes a con-
tinuous acceleration of electrons beginning at thermal ener-
gies 7, = 1-10 eV (Ref. 27). Starting at certain sufficiently
high values of E,,, the displacement of the field to the stream-
er front as a result of its polarization occurs over a time of the
order of the time of motion of the runaway electrons near the
front. The result is a synchronized motion of the region of
strengthened fringing field and of the accelerated elec-
trons.”®*® With increasing A, the emission of photons from
the avalanches decreases sharply.® In addition, at A> 1 the
second of the three streamer-model ideas is not of fundamen-
tal importance, since the runaway electrons give the ionized
region a high propagation velocity toward the anode. The
accompanying x radiation preionizes the gas and causes a
photoelectric effect at the cathode, thereby causing a motion
of the ionization front toward the cathode. Finally, since
breakdown is initiated by field emission***! under the con-
dition Ay 1, and the primary avalanche becomes critical
near the point of initiation (d¥»z_ ~pm), there is a self-
consistent intensification of the field of the positive space
charge, E,, and of the field emission.’> At A> 1, emission
processes thus play a fundamental role in the propagation of
the ionization toward the cathode.

The high penetrating capability of the runaway elec-
trons and of the x radiation results in an ionization of dense
gases far from the primary ionization centers. As a result, the
discharge loses its spatially compact form, acquiring a dif-
fuse or multichannel nature. At the same time, those break-
down models which assume a buildup of space charge in the
form of spatially compact regions, with dimensions deter-
mined primarily by diffusion and collective electrostatic
space-charge forces, become meaningless. The participation
of runaway electrons in the breakdown of dense gases im-
plies that an appropriate breakdown model would be a sub-
stantially nonlocal model. This idea of a nonlocal mode] was
developed to some extent in Refs. 27 and 34-39, although the
question of a nonlocal value of & at high values of E,/P has
been discussed even earlier by Granovskii,* in a study of an
externally sustained current in a gas-filled gap with small
values of Pd. That model, being based on a purely electron
kinetics, is attractive because it is probably of universal ap-
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plicability, and the elementary processes which are taken
into account are obvious. That model may prove applicable
over a wide range of conditions, but the acceleration mecha-
nism is seen most clearly during the breakdown of dense
gases by high-voltage pulses with nanosecond rise times, in
which case large-factor overvoltages (A>»1) can be

-achieved.

In this review we discuss the present state of the nonlo-
cal model for the breakdown of dense gases, and we report
research on high-voltage nanosecond discharges in dense
gases at high overvoltages. A distinguishing feature of these
discharges is that they develop with an intense electron
runaway in a dense gaseous medium.

2.HISTORY OF THE QUESTION OF RUNAWAY ELECTRONS
INDENSE GASES. CONDITION FOR RUNAWAY

In 1925 Wilson*' suggested that a lightning discharge
was accompanied by an acceleration of electrons at the front
of the leader. Numerous attempts to detect runaway elec-
trons in lightning yielded negative results or were statistical-
ly inconclusive. The first reliable results on a detection of
this effect in discharges in dense gases were published in
1966 by Frankel et al,** who by chance detected individual x
rays from a helium spark chamber after the passage of a
beam of 7 mesons through it. That paper and some which
followed **** reported the detection of x radiation in some
specially designed experiments with electric discharges in
dense gases. In Refs. 42 and 44, a radiation intensity suffi-
cient to be detected reliably was achieved over 10* pulses in
discharges in helium at atmospheric density. The radiation
dose did not exceed D, = 4-10~° R/pulse. Attempts to de-
tect radiation in neon*? and air* were unsuccessful. The
excitation of x radiation in those experiments was not a pure-
ly gas-discharge effect, since the extremely nonuniform
(negative tip)-plane geometry permitted a runaway of field-
emission electrons. Using an approximately plane-parallel
configuration, Stankevich*’ detected D, ~4-10~* R/pulse
in discharges with high overvoltages in air at atmospheric
density. No more than 100- discharges were required for
reliable detection. Noggle et al.** used voltage pulses with a
maximum value U™ =300 kV; the duration of the high-vol-
tage stage of the discharge was Az, =~ 80 ns; and the rise time
of the voltage pulse was 7, =~ 10 ns. The corresponding fig-
ures in the experiments by Stankevich were U™ =~46-58 kV,
At, =23 ns, and 7, <2 ns. It can be assumed that the radi-
ation was excited during a brief stage of the discharges, last-
ing less than Az, . After Ref. 43 appeared, x radiation and
runaway electrons were observed in numerous studies of
nanosecond gas discharges in the laboratory.****5%2 Nano-
second pulses of runaway electrons at relatively low overvol-
tages (A 1) were detected during the breakdown of air at
atmospheric density by high-voltage pulses in the microsec-
ond range.** Some x-ray emission of microsecond duration
was detected in the prebreakdown stage in an air-filled deci-
meter-size gap with an extremely nonuniform geometry.**
“Nonthermal” penetrating radiation from lightning was de-
tected® in 1979; that result was evidence that runaway elec-
trons participate in the dynamics of the lightning. These re-
sults serve as convincing experimental confirmation that the
electron-runaway mechanism for the breakdown of gas-
filled gaps subjected to an overvoltage is of universal applica-
bility.
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Stankevich'® published the first discussion of the condi-
tion for electron acceleration during the breakdown of dense
gases and the role played by runaway electrons in the dy-
namics of sparks. Since that discussion was based on the
approximation of an elastic energy loss, and the space-
charge field E, was ignored, the conclusions reached there'®
cannot be used to interpret experiments with discharges in
dense gases. In addition, the analytic solutions found for the
kinetic equations in Refs. 66 and 67 are also of extremely
limited use in application to real experiments. Although
Kunhardt and Byszewski** worked from a steady-state,
symmetric velocity distribution of runaway electrons in
weak fields in constructing a mathematical basis for a two-
group breakdown model, their specific results were derived
from a one-dimensional energy balance equation, as in an
earlier paper by Babich and Stankevich,” since that ap-
proach is successful to some extent in modeling the E; (r)
profile.

The condition for electron runaway in the intensified
electric fields near ionization fronts which are propagating
during the breakdown of a dense gas in a uniform external
field E, (Fig. 1) can be found from the equation of motion

p=eE; (%, w>—L1(e)P%. (2)

where p is the momentum, # is the angle between E_, and E,,
L, (e)=L{"P )+ L{™(g), and L{" and L{™ are re-
spectively the elastic and inelastic energy loss per unit path
length at P=1 Torr. In strong fields the relation
L{"L{™ holds. Below we assume L,=L {™. Using
p = (dp/dx)v cos 6, where cos 8 = f(¢) is the average co-
sine of the angle between E; and p, assuming x| E;, and
multiplying (2) by p, we find a one-dimensional balance

equation for the electron energy:*’>
9 o oEr(x, ) — O p, (3)
dx cos 0

Electrons  are  accelerated if the  condition
eE;(x,9)/P> L,(£)/ cos 6 (the runaway condition) holds
at the given point in the gap. Figure ghows a semiempirical
L, (&) dependence for N,. The maxitfum value L T in gases
is usually near &,,, =100 eV (Table 1).°*% It can be seen
from (3) that only in the case E, (x,3) = Ois the energy € a
function of the scaling parameters Px and E,/P.

Since the scattering of electrons with £~¢,,, through
large angles is weak,® especially in strong fields, the approx-
imation cos @ = lis quite good. If weincorporate cos 8 we

E;Iﬂm
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FIG. 1. Diagram of an anode-directed streamer,>**¢

N
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FIG. 2. Electron energy loss per unit path length L,(¢), in N, at P=1
Torr (Refs. 27 and 68).

find only some broadening of L,(¢g) in the region € <&,
with no effect on g, or L ". Small-angle multiple scattering,
however, increases L '/ cos 8 .

If eE /P>L T, then de/dx >0, and one can say that be-
ginning at eE, = L T'P there is an electron runaway over
the entire energy range which is realized in gas discharges.
Values of E,, for P =760 Torr are shown in Table I. If
E < E__, then the equation de/dx = 0 has two roots: £, and
&,> £, (Fig. 2). For acceleration in fields E < E,, the elec-
trons must be in the energy region € > &,.

Let us take a more detailed look at electron runaway in
a uniform external field £, < E_., in which case ¢, is deter-
mined by the equation E, — L,(g)P = 0. The electrons can
acquire an energy ¢, in part of the gap with |E, + E_ | > E,,.
The electron distribution in such regions is very anisotropic
and is rich in high-energy electrons. On this basis, Kunhardt
and Byszewski’® adopted the boundary condition
e(x=0)=¢, for Eq. (3) in N, at P = 750 Torr and with a
field E, = 42 kV/cm. Under such conditions in the ava-
lanche stage, this assumption is not a trivial one, since even
at E,/P~10>— 10> V/(cm-Torr) the relation T, =10
eV £¢,,, holds in molecular gases. The stage of the break-
down in which the runaway electrons appear depends on
E,/P. These runaways may appear both in the stage of isolat-
ed avalanches, in which the parameter E,/P is quite large,
and later, after the avalanche-streamer transition, or as
streamers evolve, if the condition E,/P<(E /P)_. holds.
Since we have T, /¢, €1, the condition £(x = 0) = 0, with-
out a partitioning of the electrons into two energy groups, is
more systematic within the framework of a description of
electron runaway by Eq. (3). In addition, it more accurately
reflects the transition of some of the electrons into a runaway
regime at the front of the ionized region.

As was mentioned in the Introduction, the avalanche-
streamer transition occurs over a distance z.. = 100 zm in a
gap with a high overvoltage. The result is the formation of a
plasma cloud with a conductivity high enough that it can be
modeled by an ideal conductor. In a strong electric field, this
cloud becomes polarized. The ionization then develops be-
cause of the electrons which detach from the cloud and are

TABLE L.
lev/ l :
Gas | i€V (cm-Torr)lE“’kv/cm
He 151 167 51
H, 50 13 86
0O, 150 356 270
N, 150 356 270
Xe 100 310 236

Babich et a/. 523



TABLE II.

l
E,.kV/cm &, keV | ro.mm| *m> mm
!

100 1.2 6.0 0.36
115 1.1 2.1 0.29
125 1.0 1.0 0.20
150 0.7 0.26 0.09
175 0.55 0.11 0,

accelerated in the effective range of the space charge. Some
of these electrons acquire an energy greater than £, and find
it possible to undergo a continuous acceleration all the way
to the anode. These electrons effectively emit bremsstrah-
lung photons, which ionize the gas over the entire electrode
gap and knock electrons off the electrodes. As a result, the
number of such elementary ‘““accelerators” increases. Kun-
hardt and Byszewski construe the phrase “runaway elec-
trons” as embracing not only the electrons which reach the
anode but also the slower electrons which relax tov _ (E,) at
various points in the gap.** The idea of a preacceleration of
electrons in a fringing field E;, with a subsequent *“capture”
far from this region,** underlies the model of contracted
channels at relatively low values of E,. This idea has been
used previously to explain the complex spatial structure of
nanosecond volume discharges in air at atmospheric pres-
sure at high overvoltages.*

Considering a fixed time, putting aside the question of
the actual shape of the plasma cloud, and ignoring the effect
of the runaway electrons on the magnitude of the polariza-
tion, we can use a model of an uncharged spherical conduc-
tor of radius 7, (Ref. 27). We can then write E (x,¥)

= E {14 2{ry/(ry+ x) 13 }cos ¢, where x is reckoned from

the surface of the sphere in the direction toward the anode.
The runaway condition is approximated by the condition
that £, is equal to the maximum value of the solution of Eq.
(3) withe(x=0) =0, =0,and L, = L T". Table II shows
values of x,,, at which the condition is satisfied, according to
calculations for N, at P = 760 Torr in fields E, > E.,. The
data in Table II give an order-of-magnitude picture of the
situation. Numerical calculations based on Eq. (3) are also
based on models.?”** Alkhazov’' has numerically solved
the kinetic equation for electrons in helium with an unper-
turbed field E, < E_, . Isolated runaway electrons were found
as a result. Since those calculations “were of a very qualita-
tive nature,”’! that result is also merely illustrative. Some
more-convincing calculations have been carried out by the
Monte Carlo method in an unperturbed field.”> For N,, a
field E, 1.5 times the value in Table I was found. Although
the analytic and numerical studies in Refs. 27, 33, 34, 71, and
72 give only an approximate description of certain aspects of
the dynamics of discharges with an overvoltage in dense gas-
es, they do draw an outline of a nonlocal theory which incor-
porates the complicated interplay of ionization and accelera-
tion processes.

3.BASICINFORMATION ON THE DISCHARGES
3.1. Spatial shapes. Voltage and current puises

Apparatus for generating high-voltage pulses, with vol-
tages up to 300 kV, with subnanosecond fronts was devel-
oped in the 1960s. That apparatus made it possible to pro-
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FIG. 3. Voltage pulse from the generator.®’ a-Oscilloscope trace of
U, (2), with an 833-MHz time marker; b-results of numerical simula-
tion of the pulses across a divider; c-the same, across the test gap.

duce current pulses with a rate of rise /=1-10 TA/s and a
maximum value I, up to several kiloamperes in gas-dis-
charge gaps of width d 2 1 cm at pressures P of the order of
tens or hundreds of torr. The duration of the gas-discharge
process was no more than 5-10 ns, and the overvoltage in the
high-current stage was by a large factor. The basic units of
such generators are a step-up pulse transformer and a switch
which increases the steepness of the voltage pulse front.”
Figure 3 shows the voltage pulse from a generator under
open-circuit conditions,®’ Upen (7). The maximum value of
the pulse is U, =300 kV, and the rise time is 7., <0.6 ns.

The spatial structure of the emission from a gas-filled
gap during a discharge is determined by such factors as the
electrode geometry, the gap width d, the pressure and nature
of the gas, the inductive and capacitive parameters of the
generator, and the breakdown voltage of the steepening
switch, U,. Figure 4 shows photographs of the emission
from an air-filled discharge gap for three values of d and for
three cathodes; here #, is the radius of curvature of the work-
ing surface of the cathode. The anode was a plane aluminum
foil. If the capacitance formed by the switch and the gener-
ator chassis is C,., =50 pF, and if the inductance of the gen-
eratoris L., = 80nH, then volume discharges occuratd= 1
cm. In such discharges, one or several bright plasma regions
with an apparent size /[, =1 mm<d form at the cathode,
while the rest of the volume, all the way to the anode, is filled
with a relatively faint, diffuse glow. This glow is separated
from the plasma beside the cathode and its “corona’” by a
“dark space.”?>3%%%3% The latter effect is seen particularly
clearly at large values of d and r.. The plasma formations
near the cathode are very inhomogeneous. The size of the
brightest part of the plasma near the cathode /7" ~0.3 for
d =15 mm and r, = 6 mm (Ref. 33). As the pressure P is
reduced, the size of these plasma formations near the cath-
ode increases, while their brightness decreases. At P of the

gen
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order of tens of torr, a broad channel, several millimeters in
diameter, forms. At P<0.1 torr, one does not observe dis-
charge phenomena with smooth electrodes having an ex-
tended working surface; i.e., there is no glow, current, or x-
ray emission. If the cathode is sharp or artificially
roughened, however, plasma regions considerably smaller
than those at P = 760 torr form on the cathode surface, and a
conduction current and x radiation are detected. In Ref. 45,
the volume glow was also separated from the cathode by a
dark space at P = 30 torr in a plane-parallel geometry.

If 4 is reduced at atmospheric pressure, a bright con-
tracted channel begins to grow out of the plasma beside the
cathode toward the anode. Beginning at d ~ 1 cm, this chan-
nel completely bridges the gap; i.e., breakdown according to
the conventional understanding of the word occurs. One
does not detect a visually observable diffuse sheath around
the channel. The number of channels or of plasma regions
beside the cathode increases with increasing uniformity of
the field: At », * 6 mm, one usually observes several chan-
nels or plasma regions. In gaps with an extremely nonuni-
form geometry, either a single channel or a single plasma
region forms.

The mean value of d which separates the regions in
which the two forms of the discharge exist depends on the
resonant frequency of the generator, w,: As C,,, and/or L,
isincreased, the discharge contracts at a progressively larger
value of d, in accordance with an increase in the length of the

FIG. 5. a—Oscilloscope trace of the current in air at Uj,, =200 kV,

P =760 Torr, and d = 15 mm with a sharp conical cathode (r, =200
pum); b—100-MHz time marker.
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FIG. 4. Emission from an air-filled discharge gap at P = 760 Torr and
U =200kV (Refs. 23, 33, 58, and 59).

gen =

current pulse, At,. Since an open-circuit regime prevails at
sufficiently large values of d, there is an interval of d values in
which a volume discharge forms. This interval shrinks as o,
is reduced, and at certain sufficiently small value of @, the
discharge always contracts.

On the basis of their formation conditions and spatial
structure, nanosecond volume discharges at high overvol-
tages can apparently be regarded as high-voltage pulsed cor-
onas or an incomplete breakdown in the conventional under-
standing of the word.

An overvoltage by a large factor leads to ionization
propagation velocities which are comparable to the velocity
of light, and current pulses with a rate of increase I~ 1-10
TA/s form.>****%7 On the oscilloscope trace in Fig. 5, the
rise time of the current pulse in the volume discharge is
7; > 0.5 ns. The maximum value of the current is I, =~ 1.5
kA, while the average current density in the plasma beside
the cathode is j, ~1,, /12 =100 kA/cm’. As d decreases in
the transition to the contracted form of the discharge, the
conductivity and thus I, increase, while the current and the
voltage become oscillatory (Fig. 6).

An important characteristic of the rate of development
of the ionization processes is the delay of the breakdown

FIG. 6. Oscilloscope traces of the voltage U and the current [ in air at
P =760 Torr with U, = 200kV.a-The U,,, (¢) pulse, with a 100-MHz
time marker; b-d = 15 mm; ¢c~d = 5 mm (Refs. 48 and 74).
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FIG. 7. Oscilloscope traces of the current in air at P= 760 Torr, U

=150 kV, and d = 1 cm. a-Sharp conical cathode (r, =200 um); sb;:
hemispherical cathode (r, = 2 cm); c-100-MHz time marker.

with respect to the time at which the voltage pulse is applied,
ty.-lfd=1.5cmand UL, 2 180kYV, alarge conduction cur-
rent appears at the front of the voltage pulse itself in air at
atmospheric pressure, regardless of the cathode geometry,
and Ug,,, is not reached (Fig. 6). In other words, we have ¢,
< T, <Tgen 50.6 ns, where 7, is the rise time of the voltage
pulse across the discharge gap. The ionization propagation
velocity, v, >d /ty >d /T >2.5:10° cm/s, is thus greater
than the streamer propagation velocity by more than an or-
der of magnitude at relatively low overvoltages.'"!? It
should be kept in mind that until the voltage reaches the
static breakdown voltage U, there will be no discharge phe-
nomena in the gap; in this sense, even d /7, is a lower esti-
mate of v;.

If Ug,, <180KkV,itis possible to detect ¢4 in the case of
arelatively uniform field. Figure 7 shows oscilloscope traces
of the current in geometric configurations which differ
greatly in the value of the field near the cathode, E.. On
oscilloscope trace b at the left we see a bias current I, (the
current which is charging the capacitance of the electrode
gap). This bias current is not found on trace a. The absence
of I, implies ¢t 4, €7, . For a cathode with r, =2 cm we have
t 4 =2 ns. The value of E_ is determined by the current rise
time: Atr, = 200 um we have 7, =0.8 ns, whileat 7, = 2cm
we have 7, =~ 1.2 ns.

The delay ¢, increases with decreasing pressure P (Fig.
8).>° In other words, a decrease in P is equivalent to a de-
creasein E, . The meaning here is that at a fixed value of d the
ionization rate is determined by the values of £ and P sepa-
rately, not by their ratio E /P, as it would be in a local model
of breakdown.

FIG. 8. Oscilloscope traces of the currentin air at U}, =270kV,d = 15

mm, and . = 6 mm. a—P = 760 Torr; b—470 Torr; c—40 Torr; d-15 Torr;
e—capacitive current for an oil-filled gap; f-100-MHz time marker.*®

526 Sov. Phys. Usp. 33 (7), July 1990

3.2. Spectra and space-time evolution of the emission from
the plasma of a volume gas discharge

The pronounced variations in space and time in the dis-
charge process and the strong external electric field £, seri-
ously limit diagnostics of the parameters of the discharge
plasma. The most serious limitations are on the accuracy

. with which the *“‘temperature” and the degree of ionization

can be determined. The optical emission from volume dis-
charges in air at atmospheric pressure was studied in Refs.
23, 58, and 59. In the spectra of the plasma near the cathode,
a continuum with a characteristic maximum was found; in
addition, bands of the second positive system of the N, mole-
cule, an NII line, an HI line (656.285 nm, and lines of atoms
of the cathode material were found. In the case of a stainless
steel cathode, more then 100 lines of Fell and 17 of Crll
were observed. No lines of ions with a higher ionization mul-
tiplicity were observed. In the case of a cathode made of a
VNM alloy (W-Ni-Cu), only four easily excited WI lines
were detected. The temperature of the plasma near the cath-
ode was estimated from a Wien’s-law distribution of the con-
tinuum to be 7=0.5-0.6 eV. The electron temperature in the
plasma near the cathode was found by the Ornstein method
tobe T=1.8¢V. The electron density #, =2-10'7 cm ~? cor-
responds to a degree of ionization /=~ 10~? and agrees with
the results of Ref. 75. The time scale of the relaxation to an
equilibrium electron distribution, 7, (7,, #,) =1 ps, is far
shorter than the time scales of the voltage and current pulses.

In the diffuse glow of the main volume, only bands of
the second positive system of N, were detected. These bands
were the same as those detected near the cathode, where they
are emitted by a halo around the hotter plasma core. The
degree of ionization of the main volume was i < 10~ °.

The emission in the N, bands and the NII lines in the
plasma beside the cathode begins 1-2 ns before the contin-
uum and the metal lines appear.?® This result contradicts the
data of Ref. 76, where a study was made of a nanosecond
volume discharge in air at P = 760 Torr, d =230 pum, U gen
=7kV, and I, =30 A. This result corresponds to the phys-
ics of the process, since the explosion of microscopic protu-
berances on the cathode surface with a delay /.. =1 ns re-
quires the flow, for a time ¢,., of a prebreakdown
thermionic-field-emission current of huge density,*
Jor ={[4-10° A’s/(cm*)] ¢, = ' }'* =10° A/cm®. A single
emission electron would be sufficient to initiate an electron
avalanche in a gap with a high overvoltage, on the other
hand, and emission from the gas should precede emission
from the cathode explosion products.

The duration of the emission in the N, bands and in all
the lines is negligibly greater than the duration of the current
pulse, Af;. The recombining plasma beside the cathode
emits a continuum for ~1 us.

The time evolution of the optical emission is illustrated
by the photochronogram in Fig. 9 (Ref. 23). The plasma
near the cathode is separated by a dark space from the region
of the diffuse glow in the volume. The duration of the latter is
essentially the same as the duration of the current, A¢,. The
plasma beside the cathode expands for a time Az;, and its
emission intensities. Emission from decaying plasma is then
detected for ~ 1 us. The average plasma expansion velocity
over At; is ~3-107 cm/s. The propagation velocity of the
diffuse glow in the volume and of the faint glow near the
cathode, which precedes the formation of the bright plasma,
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FIG. 9. Photochronogram of the emission of the volume discharge in air
at P= 760 Torr, UL, =270kVY,d = 15 mm, and r. = 3 mm (Ref. 23).

gen

Here S'is the blackening density of the film caused by (1) the diffuse glow
and (2) the emission from the plasma beside the cathode; I(t) is an oscil-
loscope trace of the current.

is very high: From the photochronogram we estimate a low-
er limit of 2-10° cm/s on this velocity. This estimate corre-
sponds to the estimate of v; above. The propagation velocity
of the volume emission thus appears to be substantially high-
er than d /7; = (1.5 cm)/(0.5 ns) = 3-10° cm/s, since the
emission appears at the same time as the conduction current.
Such a high propagation velocity of ionization fronts re-
quires a special explanation.

According to a densitometer study of the photochrono-
gram, the blackening S caused by the emission from the cath-
ode region and that caused by the volume emission agree
during the first 0.5 ns. Over the same time (7, <0.5 ns), the
current rises to its maximum value. As was mentioned
above, during this time interval the cathode region emits
only in the N, bands and the NII lines. Immediately after the
current reaches its maximum, the lines of the metal and the
intense continuum appear, while the emission from the plas-
ma beside the cathode intensifies sharply.

It can be concluded that over a time shorter than 7, a
faintly glowing streamer, separated from the rest of the vol-
ume by a dark space in Fig. 9, develops near the cathode.
Since the thickness of this streamer is much smaller than the
transverse dimension of the rest of the emitting region in the
discharge gap, the fact that the blackening levels are the
same means that the energy emitted by a unit surface area of
the streamer is greater than that emitted by a unit surface
area of thevolume filled by the diffuse glow.

The slight heating of the plasma of a nanosecond vol-
ume gas discharge at high overvoltages, the low degree of
ionization of this plasma, and the absence of lines of highly
ionized atoms at a current density j, ~ 100 kA/cm? and a
high voltage (on the one hand) and the fact that the velocity
of the ionization fronts is comparable to the velocity of light,
the formidable rate of increase of the current (I ~1-10
TA/s), and the spatial structure of the emission (on the
other) can be interpreted in terms of runaway electrons in a
dense gaseous medium (§6).

4.RUNAWAY ELECTRONS

4.1. Number and energy distributions of the runaway
electrons

The first experiments with high-voltage nanosecond
discharges in dense gases at high overvoltages revealed a
penetrating radiation, intense enough to cause a pronounced
blackening of RT-1 x-ray film behind a window in the dis-
charge chamber.*****! A comparison of experimental data
with calculations on the absorption of electrons and x radi-
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FIG. 10. Curves of Ne(P). I-Filter of 5 mg/cm?* (¢240 keV); 2-53
mg/cm? (£ 200keV) (U™ =270kV,d =15mm, r, = 6 mm).*
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ation in filters with various value of Z led to the unambigu-
ous conclusion that the radiation detected in Refs. 48, 50,
and 51 consisted of runaway electrons, in contrast with that
in Refs. 42—45 and 49. The number of these electrons beyond
the chamber window varied with the particular conditions
(the pressure P, the type of gas, U,, the cathode geometry,
and d) over the range N,=10°— 10" e~ /pulse
~2(10"¢ —102)Q,/e (Ref. 50), where @, is the initial
charge on the storage capacitance of the generator, C,,,. The
gases which were studied at P = 760 Torr can be arranged in
order of decreasing N, : He, Ne, H,(D,), Ar, Xe, SF,. The
N, (P) dependence is shown in Fig. 10. The decrease in &V, at
PS50 Torr on curve 1 is a consequence of a decrease in the
rate of ionizing collisions of electrons. Discharges did not
develop in experiments with smooth cathodes at P%0.1
Torr; i.e., the dynamics of the breakdown is determined by
electron breeding in the gas. In gaps with sharp cathodes,
emission processes also become important, and the maxi-
mum on the N, (P) curve shifts into the region P50.1 Torr.
According to curve 2, the distribution depends only weakly
on P in the high-energy region (see the discussion below of
the generation of electrons of “anomalous energy”). The
discharges in helium are distinguished by an increase in the
high-energy part of the distribution (compare Figs. 12¢ and
12¢) and by a large number of runaway electrons. By way of
comparison, with a filter of 5 mg/cm? in air we have N, ~ 10°
e~ /pulse at P=~760 Torr, and the maximum value N7
~6-10° e~ /pulse is reached in the interval 50-100 Torr
(Fig. 10). In helium, we have N"~5-10"" e~ /pulse at

PR SR T S > 1
g 20 40 60 80

i
100 mg/cm?

FIG. 11. Curves of the absorption of electrons in Al. 1-High-voltage
nanosecond discharge (U, = 270 kV, air, P= 760 Torr, d = 15 mm,
r. = 6 mm; Ref. 51); 2,3—data of Ref. 77 for £ = 336 keV and ¢ = 250
keV.
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FIG. 12, Energy distributions of runaway electrons.®! Air: a-760 Torr,
500 pulses; b—70 Torr, 300 pulses; c—~22 Torr, 100 pulses; d-0.2 Torr, 5
pulses. Helium: e~22 Torr, 10 pulses (U,.,, = 270kV,d =2cm, r, = 200
pm, grid anode).

P =22 Torr. Rough estimates of the energy of the runaway
electrons were found by plotting curves of the absorption in
metal filters.’>' The nature of the curves usually corre-
sponds top a broad energy distribution, but at pressures of
the order of hundreds of Torr it is typical to find curves
which are characteristic of monoenergetic electrons, e.g.,
curve 1 in Fig. 11, which corresponds to®! £=270 ke-
V>eU, . The energy distributions of the runaway electrons
were found by a magnetic spectroscopy method.®' The re-
sults for one geometric configuration are shown in Fig. 12.
The filtering of the electrons before they enter the vacuum
chamber of the spectrometer, with 6 mg/cm?, corresponds
to the range of electrons with an energy £=:50 keV. At air
pressures P2 200 Torr, the electron energy distribution has
a well-defined maximum, whose position moves up the ener-
gy scale as P is increased. The measured width of the distri-
bution, 2Ae = 60keV, is essentially independent of Pover the
range 200-760 Torr. Since the results of these measurements
depend on the scatter in the values of U, and U,,, on the
width of the slit diaphragms of the collimator, and also on
the scattering in the chamber window, the intrinsic spectral
width is 2A¢ < 60 kev. This figure agrees with absorption
curves which are characteristic of monoenergetic electrons
(Fig. 11). At P < 200 Torr the maximum is spread out by the
appearance of a large number of slow electrons (Fig. 12, b
and c¢). As P is reduced, the maximum energy ¢, initially
decreases, and then it increases again, in accordance with the
U, (P) curve, reaching &, ~eU g, =270 keV at P=22
Torr. At P& 1 Torr, the distribution of runaway electrons
becomes a line spectrum (Fig. 12d), reflecting the structure
of U,., (¢t) (Fig. 3). The value &, =~eUg, =270 keV per-
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4.2. Generation of “anomalous-energy” electrons

It follows from the curves of the absorption of electrons
and of the energy distributions that there is a generation of
electrons of “anomalous energy,” with £ > eU,,, , in air at suf-
ficiently high pressures.?33%50.31-54.60-62 Tapje TII shows val-
ue of Uy, and of the electron energy at the spectral peak, ,,,
for several values of d at P = 760 Torr. Ford 2 1 cm we have
&, —elU,, =100 — 110keV, while for small values of d this
different is much smaller. We recall that at dR |1 cm the
discharge is a volume discharge, while at <1 cm a con-
tracted channel forms.

The electron distribution is strongly influenced by the
curvature of the cathode, which affects not only the value of
U, but also the distribution and magnitude of the field in the
gap. In air at P= 760 Torr and d =2 cm, the maximum
energy €., ~ 320 keV was found in experiments with a coni-
cal cathode of a VNM (W-Ni-Cu) alloy with a vertex angle
28 = 60° and ., =~ 3 mm. When a zince cathode is used in the
same geometry, the value ¢, =260 keV is found: The value
of U,, and thus that of ¢, are affected by the emission and
thermal properties of the cathode.

Convincing evidence for the generation of anomalous-
energy electrons emerged from experiments, proposed by G.
A. Askar’yan, in which retarding voltage pulses identical to
the accelerating pulses were used.®’ In these experiments, a
pulse of positive polarity was applied to a high-voltage grid
electrode. A conical cathode was installed on the inner sur-
face of a grounded cylindrical chamber, at a distance d = 2
cm from the anode grid. The runaway electrons passed
through the anode into the region of retarding field, where
they traversed a potential difference Ap = — U(¢). A film
cassette with RT-1 film was positioned diametrically oppo-
site the cathode, 2 cm from the anode. Wedges were placed in
front of this film for estimates of £. Runaway electrons with
e<eU,, did not reach the film, since they lost energy in the
gas and the cassette. At P = 760 Torr, the energy of the elec-
trons traversing Ag; was 90 keV.

Experiments were carried out® in air at P = 760 Torr
in order to study this effect. It was found that regardless of
whether U, increases or decreases in a given series of experi-
ments the number of anomalous-energy electrons, N,, is es-
sentially independent of /. The value of ¢,,, varies slightly
in the same directional as U, . The number N, increases
slightly with increasing Q,: by 20% as Q,, is increased by a
factor of 2.5. The value of ¢,, remains essentially constant.
Experiments with a variety of steepening switches revealed
that the generation of anomalous-energy electrons becomes
more prominent as the front of the voltage pulse becomes
steeper.

The distributions of the runaway electrons in dis-
charges in air at atmospheric density thus contain a compo-
nent whose energy is about 100 keV above the value of eU,,,.
Since this effect depends only weakly on I, and Q,, and the

TABLE IIL

d, cm 0,5 1 2 3,5

Un' B 130 | 150 | 190 | 210
e, k3B | 180 | 260 | 290 | 320

m?
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anomalous-energy electrons are concentrated in a narrow
energy interval (2A€ €¢,, ), these electrons do not belong to
tails on the energy distribution of the electrons of the dis-
charge plasma.

4.3. Space-time characteristics

In order to identify the mechanism by which the
runaway electrons participate in the dynamics of the dis-
charges, it is important to know the space-time characteris-
tics of these electrons: the region in which they are genera-
ted, their divergence, the pulse length At., and the time at
which the generation begins with respect to the time at
which the voltage pulse is applied to the gap. In an effort to
localize the region in which the runaway electrons are gener-
ated, a study was made of the spatial structure of the cross
section of the fluxes of these electrons beyond the anode.
Figure 13a shows an image of the runaway-electron flux for
discharges in He at P =22 Torr. The filter here was 45
mg/cm? (&2 200 keV). The image corresponds to a grid of
notches on the working surface of the cathode. The source of
the stream of runaway electrons is thus the cathode or the
plasma beside the cathode, which forms near the edges of the
notches. The spatial distribution of the runaway electrons is
strongly influenced by scattering by molecules in air at
P =760 Torr. In experiments with a sharp conical cathode,
however, it was found that the width of the runaway-elec-
tron beam clearly depends on d: For d = 5 mm, the beam
width is ¢, = 5-6 mm, whileford = 15 mmitis ¢, = 3cm
(Fig 13,bandc). If several channels form in the discharge—
this is a typical observation for cathodes with an extended
working surface—the number of channels is equal to the
number of beams in the electron flux beyond the anode. This
circumstance is particularly obvious at d 5 mm, at which
the width of the beams is quite small: ¢, =1 mm (Fig. 13¢).
The structure of the flux corresponds to the distribution of
emitting centers on the cathode. The source of the runaway
electrons in air at P = 760 Torr is thus the cathode region.

Measurements of the temporal characteristics of the
pulses of runaway electrons are of particular interest for
learning about the electron acceleration mechanism and for
determining the role played by the runaway electrons in the
dynamics of discharges. The intensity of the runaway elec-
trons was not sufficient for direct time-resolved measure-
ments in all the regimes of importance here. Figure 14 shows
oscilloscope traces of the pulses of runaway electrons in heli-
um (the spectrum in Fig. 12) obtained through direct detec-
tion with a Faraday cup, for two filters. The rise time of the
pulse of runaway electrons is 7, < 0.5 ns. The length of the
pulse at the level of 0.1 of the maximum value is Af, = 2 ns

FIG. 13. Images of clectron fluxes beyond the anode***° [He, P = 760
Torr, d = 10 mm (a); air, P= 760 Torr, d = 15 mm (b) or d = 5 mm
(c)]. U, =270 kV.
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FIG. 14. Oscilloscope traces of pulses of runaway electrons in He at
P = 22 Torr. aFilter of 7 mg/cm? (£2 50 keV); b~20 mg/cm? (£ 100
keV); c~10-MHz time marker; d~oscilloscope trace of the emission from
SPS-B12 plastic excited by a pulse of anomalous-energy electrons during
discharges in air (P =760 Torr). The time marker is 833 MHz; UZ,
=270kV;d =2cm, r, =200 um (Refs. 61 and 78).

for e 2 50 keV or At, =~ 1.3 ns for £ 2 100 keV. In air at P of
the order of hundreds of Torr, the pulse of anomalous-ener-
gy electrons was measured with time resolution by a method
involving the conversion of the electron energy into light
with the help of some fast plastic scintillators®’® (Fig.
14d). The pulse rise time was 7, < 0.4 ns, and the length of
the pulse at half-maximum was Az, 0.5 ns (allowance is
being made here for the exponential afterglow of the SPS-B-
12 plastic). As the air pressure is reduced, A¢, increases, and
at P= 10 Torr it turns out to be approximately equal to the
half-width of the first maximum on the oscilloscope trace of
U gen (B)-

In order to reach an understanding of the role played by
the acceleration processes in the physics of discharges, it is
particularly important to identify the beginning of the gener-
ation of accelerated electrons. Under conditions such that it
is not possible to detect the retardation of the current with
respect to the time at which the voltage pulse is applied
(Figs. 6-8), the anomalous-energy electrons are detected at
the front of the voltage pulse U(f). It would be natural to
assume, however, that the generation of these electrons oc-
curs not during the rise of U(z) but slightly later: on the
current front. To prove this assumption, it is necessary to
delay the emission from the cathode and to retard the onset

FIG. 15. Oscilloscope traces of the pulses of the voltage U(a) and the
current /(b) in a discharge gap and of the pulse of runaway electrons (c).
Uy, =240 KV, air, P=760 Torr, d =1 cm, r, = 6 mm. d-100-MHz
time marker.”*

Babich et a/. 529



of ionization processes, so that the current delay ¢, will be
substantially greater than 7, . here is sufficient to construct a
barrier discharge.*® Figure 15 shows oscilloscope traces of
U(#), I(t), and the pulse of anomalous-energy electrons in
this regime. The small peak at the left is the bias current. A
maximum value ¢ ; =4 was found. The point at which anom-
alous-energy electrons start to appear coincides with the be-
ginning of the conduction current. In discharges with a
smooth cathode at a reduced pressure in helium or air, in
which cases significant values of 7 are observed, the begin-
ning of the pulse of runaway electrons also coincides with the
beginning of the conduction current. Since the value
At, =~0.5 ns does not exceed 7, it is logical to suggest that
the anomalous-energy electrons are generated during the
rise of the conduction current and that this generation comes
to a halt no later than the time at which the current reaches
its maximum value.

4.4. Runaway electrons during the breakdown of air by high-
voitage microsecond-range puises

Since the runaway electrons have a high ionizing capa-
bility and should strongly influence the dynamics of dis-
charges, experiments were undertaken to detect these elec-
trons during the breakdown of air at atmospheric density by
microsecond voltage pulses.®® In these experiments, the val-
ues of A were relatively low, corresponding to the classical
streamer model of Raether. For this purpose, the steepening
switch was removed from the voltage pulse generator. The
test gap had a conical cathode with r, =3 mm, a grid anode,
andd = 0.5-3 cm. The maximum value of the pulsed voltage
across the gap varied considerably (U, = 60-80 kV at
d =2 cm), but it stabilized at I/,, = 50 kV in the case of
exposure to UV light. Regardless of whether this exposure
was made, the contracted channel formed in any configura-
tion of the gap. The maximum value of the current pulse was
I =200A at 7; =4 ns. Exposure to UV light increased 7, to
8 ns. When RT-1 film was positioned 3 cm behind the anode,
it was irradiated only in experiments without exposure to
UV light, with A =~0.6. On the basis of the weak dependence
of the blackening on the value of Z of the absorber, it was
concluded that electrons were detected. The broadening of
the beam was proportional to d; i.e., the source of the
runaway electrons was the cathode region. The number of
these electrons was N, =~ 107 at Q,/e ~2-10"*, and their en-
ergy was £~70 keV=eU,, . The duration of the pulse of
runaway electrons, At, = 3.5 ns, was equal to the time reso-
lution of the measurement system. The runaway electrons
were detected at the front of the conduction-current pulse.
In the case of exposure to UV light, N, and € should decrease
substantially; the absence of blackening may mean nothing
more than that the runaway electrons are absorbed in the
medium before they reach the RT-1 film.

The generation of runaway electrons at small values of
A is evidence that some mechanism other than the conven-
tional streamer mechanism is responsible for the breakdown
of the dense gases. At any rate, the second of the three
streamer-model ideas listed in the Introduction must be seri-
ously modified. To the extent to which the discharges stud-
ied in Ref. 63 model lines lightning, the experiments, along
with Whitmire’s results,®> can serve as confirmation of the
hypothesis that lightning is capable of generating runaway
electrons.
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TABLEIV.
i
8, um "y *Praun(D {7 R /pulse
0 7,8 | 7,4
270 3.6 3,2
540 2.3 2.5

5.EMISSION OF x RADIATION

There is no difficulty in studying the x-ray pulses in
discharges in gas-filled gaps subjected to a high overvoltage,

. because the emission is quite intense.’*>>? Table IV shows

measurements of the x-radiation dose D {***’ under the con-
ditions for which the runaway-electron absorption curve in
Fig. 11 was recorded. The electrons were absorbed in a layer
of polyethylene (2 mm thick) and in an aluminum-foil an-
ode (8 um thick). An aluminum layer of thickness & was
placed between the polyethylene and the dosimeter. The en-
ergy of the x rays was found from the layer thickness (&, ,, )
which resulted in a 50% attenuation to be £, = 14 keV.

Kremnev and Kurbatov* carried out an experimental
and theoretical study of the behavior of the x-ray energy W,
as a function of E,/Pin nanosecond discharges in dense gas-
es. Those calculations used the drift approximation for the
current, and E, and the runaway electrons were ignored.
Gurevich’s expressions®® for the steady-state flux of
runaway electrons in weak fields were used, and Kramers’
approximate formula was used for the emission intensity.
The value of £, was related to the electron energy & by
&£, = 2¢/3, but that step was a result of a misunderstanding:
The quantity A, = 3sc/2¢ corresponds to the maximum of
the wavelength distribution of the emission intensity for a
thin target. the calculated and experimental values of
W, (Ey/P) turned out to differ by a factor of 2 or 3 (Ref. 49).

If the energy distributions of the runaway electrons and
their lux &, = N, /S, are measured directly, one can com-
pare the experimental and theoretical characteristics of the
x-ray emission without appealing to any hypothesis regard-
ing the conductivity mechanism and without calculating &, .
By using the Sommerfeld formula for the bremsstrahlung
cross section, the Bethe formula for the inelastic energy loss
of the electrons, and the assumption that the absorption of
radiation energy between the point of emission and the de-
tector is exponential, one can calculate the spectra of the
photons ( N.), the intensity 7, and the dose D, atthe exist
from a thick layered target. One can then calculate the total
dose™

-
D\’ == j‘ Dev deV,
[

where ¢, is the initial energy of the electrons incident on the
target. Table IV shows results calculated for D for
anomalous-energy electrons (£, = €, ). We see that there is

exp

an agreement, D P~ D ‘y“""", and the value of €, found from

. 8,,, for D" is close to 14 keV. The x radiation detected in

air at P =760 Torr is thus the bremsstrahlung of anoma-
lous-energy electrons in the anode.*' If we use the relation
£, =2¢,.,/3, we find a line with £, =200 keV instead of a
spectrum of photons, and this conclusion could not be cor-
rect. Note that the value of £, found from §,,, depends only
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FIG. 16. Dose of x radiation as a function of the pressure.’> J-Chamber 1,
He; 2—chamber 1, air; 3-chamber 2, air (U, = 250kV, 7., $0.6ns); 4—
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chamber 2, air (U,, = 110kV, 7., =1 us).

weakly on g,, and its relatively small value ( ~ 10 keV; Refs.
42-44) could not characterize the energy of runaway elec-
trons in dense gases. Since the number of spectrum of the
runaway electrons depend on the pressure, the x-ray dose
also depends on the gas pressure. The dependence D, (P)
was studied in Ref. 52 for discharges in approximately uni-
form fields, so there was no explosive electron emission.
These measurements were carried out in two chambers. In
chamber 1, the cathode was a sheet of aluminum foil with a
thickness § = 15 um, while the anode was a steel hemisphere
4 cm in diameter. In chamber 2, the thickness of the cathode
was § = 8 um, and the anode was a cone (25 = 60°) with
r. =3 mm, made of a VNM (W-Ni-Cu) alloy. The gap
length was d = 15 mm. Pulses with a rise time 7., <0.6 ns
OF Tgn =1 us were applied to the gap. The emission was
detected 3.5 cm behind the cathode. The results are shown in
Fig. 16. The position (P, ) of the maximum value of the dose
D7 is determined primarily by the type of gas and the vol-
tage pulse. For microsecond pulses, the result P,, ~4-10~3
Torr was found (curve 4). The shortening of 7,.,, leads to an
upward shift of P, (curves 1-3): Values P,, = 1-3 Torr were
found for air, and P,, =20 Torr was found for helium.

For the given electrode configuration, D, in vacuum is
much smaller than D 7; i.e., the runaway electrons are gener-
ated as a result of volume ionization processes. At large val-
ues of P, at which the x-ray intensity is low, the discharge
develops in the form of bright contracted channels. As P is
reduced, the channel width increases, and near P,, thereis a
spatially uniform discharge. These results agree with those
of Ref. 44, where the channel width decreased with increas-
ing atomic number of the gas [and thus with increasing elec-
tron energy loss L, (&) ]. These results can serve as evidence

FIG. 17. Oscilloscope traces of the pulses of x radiation in air near P,,,. a—
Tyen $0.6 08; b—7,., = 1 pus; c—100-MHz time marker.”
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TABLE V.
20, keV 5 10 15 25 100 250
FER s 88 | 22 | 10 | 4 | 1 | 0,04

that a volume form of the discharge is consistent with accel-
eration processes.
Figure 17 shows oscilloscope traces of the x-ray pulses

.in air near P,. The pulse length at half-maximum is

Az, =2.6nsatr,, $0.6nsand Az, =8 nsat 7, =1 us.
We thus see that in discharges in dense gases it is possi-
ble to produce substantial doses of x radiation. This radi-
ation therefore not only is an important source of informa-
tion about the processes which occur in the discharge gap
but can also be utilized for certain practical applications.
Expressions for the intensity and efficiency of the electron
bremsstrahlung in dielectrics with an external electric field
were derived in Ref. 79. It was shown that the maximum
efficiency of the emission by runaway electrons is twice the
value in the absence of a field. One is led to ask whether the
gas or the anode is the primary source of radiation. Table V
shows estimates of the intensity of the emission from the gas
and from the anode (Al) at U =200 kV and P = 760 Torr.
We see that the source of the bremsstrahlung of the anoma-
lous-energy electrons (&, =300 keV) is the anode, as was
assumed above. Secondary runaway electrons of relatively
low energy emit primarily in the gas. Although the intensity
of this radiation can be far higher than that of the brems-
strahlung of the anomalous-energy electrons, this radiation
is completely absorbed in the anode because of the small
value of £, and it cannot be detected by the instruments.

6. PARTICIPATION OF THE RUNAWAY ELECTRONS IN THE
DYNAMICS OF ELECTRIC DISCHARGES IN DENSE GASES

6.1. Volume discharges. High-energy conductivity.
Contraction

High-voltage nanosecond volume discharges have been
studied in several places®**3%3%76.80.81 at pregsures of the
order of atmospheric and at high overvoltages A. A volume
stage of the discharge, preceding the formation of a contract-
ed channel, has been observed in several places.>** A fac-
tor which hinders the achievement of a volume discharge is
the formation of a cathode spot.®! At A» 1, however, a spot
does not necessarily result in a contraction: At a current
density j(d) =~ 1 kA/cm® at the anode, the volume nature of
the discharge is disrupted only by small plasma formations
near the cathode with an average current density j, =100
kA/cm? (Subsection 3.1). Volume discharges are accompa-
nied by particularly intense acceleration processes and are
apparently achieved as a result of these processes. On the
basis of the experimental results presented in §2 and §3, the
evolution of nanosecond volume discharges at large values
of A can be described as follows.>® As the pulsed voltage
U(t) across the discharge gap rises, a streamer forms near
the cathode. It propagates toward the anode as a result of the
runaway of some of the electrons near its front, with a subse-
quent slowing far from this front. As U(t) rises, the electric
field in the gap increases to the extent that the runaway elec-
trons are accelerated to the anode, and no further formation
of compact plasma regions is possible, since the gap is greatly
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preionized. In regions in which avalanches successfully de-
velop, the avalanches overlap without converting into
streamers. This effect is related to the diffuse appearance of
the discharges. The number- of anomalous-energy electrons
detected is sufficient to provide the necessary preionization.
According to (3), a runaway is possible only for small values
of i as long as the relation E; < E_, holds. The “corona’ of
the plasma near the cathode is explained on the basis that as
¥ increases in value there is an increase in the number of
electrons which are not entrained in the runaway in the field
E; and which are capable of effectively ionizing and exciting
the gas. Only as the value ¥ = 7/2 is approached does the
number of these electrons begin to decrease.*®* The volume
emission results from C*II, —B’Il, transitions of the N,
molecule. For runaway electrons with £>1 keV, the mean
free path with respect to excitation of the C?II, state is
Aex > 50 cm>d. The distribution of the emission is thus de-
termined by the spatial distribution of the secondary elec-
trons, whose average energy ({egr)~¢€[{In(e/e,) —1]
=~ 100 eV depends only weakly on the point at which the
electrons are generated, and we have 4 & (C>II,N,) = 100
mm. This figure corresponds to the length of the dark region
which separates the plasma from the volume glow. The ori-
gin of the dark region is thus similar in nature to that for the
Crookes dark space. The dark band observed near the cath-
ode in Ref. 45 is apparently of the same origin. In the dark
region, the field is so strong that the electrons undergo very
few collisions with molecules, and the current is determined
entirely by the motion of the runaway electrons. In this
sense, a “limiting-voltage effect”®? occurs locally, but in a
dense gas. In high-voltage nanosecond dischargesat A3 1, in
the region P < 100 Torr, the high-energy component of the
conductivity is the greater part of the conductivity, since
much of the accumulated charge Q, is carried by the
runaway electrons. At pressures of the order of atmospheric,
only the anomalous-energy electrons, with a charge
eN, 510~* of Q,, are detected. Since the anomalous-energy
electrons are generated at the front of the first streamer, in a
process matched with the current rise, and since the pulse
length of these electronsis A¢, & 7;, we can evaluate the con-
duction mechanism which involves a preionization of the
gap by these electrons in a natural way. Taking into account
the change in the energy of the secondary electrons,
{€gr )/€:n, We can write the avalanche current at a point
xe[0,d] in a gap with a gas particle density 7z, as follows:

(EBTs QU_Ty

Table VI shows distributions along the x axis in the gap of
the basic quantities characterizing the development of ava-
lanches.*® If we assume o; =107 '® cm?, (egxr) =150 eV, .
and ¢, =31 eV, we find I, (d) =500 A for r, =6 mm or
I1,(d)=0.5 A for r, ~200 um. Far from the anode, I, (x)
increases the more rapidly, the smaller is the curvature of the
cathode.

One might attempt to explain the pronounced discrep-
ancy with the measured value I, ~ 1-2kA atr, =200xmon
the basis of the mechanism outlined above and by taking the
space-charge field into account. However, the results of re-
search on volume discharges show that acceleration pro-
cesses may determine the conductivity of the gap at P~760
Torr, as they do at low pressures. In the first place, the lower
limit found for the ionization propagation velocity corre-
sponds to an electron energy £ = 1 keV. Second, when a high
power density is delivered to the gap, the only way to explain
the anomalously slight heating of the main gas volume and
the relatively low degree of ionization of the plasma near the
cathode is in terms of a relatively weak interaction of the
runaway electrons with the medium. Furthermore, it can be
seen from Table VI that there is a fairly wide region with
E,(x)/PZ (E /P). According to calculations based on (3),
electrons produced near the cathode are accelerated in the
field E,(x) to the anode. In other words, a substantial frac-
tion of Qy—the greater fraction in a configuration with
r. =200 um—is carried by runaway and secondary elec-
trons. As the dense plasma near the cathode develops, condi-
tions become more favorable for runaway in gaps with arela-
tively uniform electrode configuration (/, €r.), while
conditions become worse in the case r, €/,,, since the plasma
screens the sharp cathode. The changes in the conditions for
the development of avalanches are in the opposite direction.
In each cross section of the gap outside the plasma near the
cathode, the current of a volume discharge is a sum of three
components: [(x) =1, (x) + Iy (x) +I,(x), where I,
has a maximum whose position x, in an isolated pulse moves
off toward the anode with increasing U(¢). In a cross section
near the plasma beside the cathode, the current is the sum of
Iy in the dark space and the current in the corona plasma.
All three components exist at the anode, but in highly non-
uniform configurations we would have I, (d) =0.

The conductivity of nanosecond volume discharges is
thus determined both by runaway and secondary electrons,
on the one hand, and the preionization of the gap by the
anomalous-energy electrons, on the other. There is a subse-

I,(x) = eNeo; () ngv_. —~ ¢ (4) quent avalanche breeding in either case. The relative impor-
®m tance of one mechanism or the other depends on the particu-
TABLE V1.
re=6mm,d=2cm, U, =240kV r,=200um,d=2cm, U, =200kV
x, mm Ey/P,
. E%//P’ _ eu;;T’ Ze,pm | f., ns v/ ] 0 lz“’ L., ns
{cm-Torr) (cm X Torr) -1 mm
0 436 4.3 0.04 4345
0.5 376 50 0.06 750
1 329 56 0,07 408
3 225 80 0,13 152 104 1.6 0.3
4 199 94 0,18 119 5.3.104 3.0 0.8
6 162 130 0.25 84 28 8.4 3.0
8 134 104 220 0.51 67 3.0 18 10
10 125 765 260 0.63 58 1.8 34 18
20 101 0,1 470 1.4 43 1.1 192 133
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TABLE VIL

v/

#mm E"/P'(cm-Torr) | oo ns™! Zer, MM t, N8
0 225 12 0,1 0.2
1 135 36 0,2 0.6
4 66 2,2 1,8 9.4
10 37 0.05 48 392
20 29 0.006 350 3600
lar experimental conditions, primarily the field

configuration.

Kunhardt and Byszewski** suggest that a contracted
channel forms at small values of A, as a consequence of ioni-
zation of the gas by electrons which are runaways in the
intensified field at the front of the avalanche and which relax
tov_ (E,) far from this front. Only at A > 1 do the runaway
electrons reach the anode, with the result that a volume dis-
charge occurs. Actually, the spatial structure of discharges
is determined not only by the overvoltage but also by the
valuesof P,d,U,,,C,.,, and L,., ; the type of gas; and the field
configuration. The participation of the runaway electrons in
forming the structure of a discharge and its dependence on A
is thus far more complicated. In Subsection 4.4, for example,
we described a discharge with A = 0.6 which did indeed con-
tract, but nevertheless runaway electrons with e~eU,, were
detected beyond the anode. Table VII characterizes the
growth of avalanches in this discharge:®*® d =2 cm,r, =3
mm, U, =80 kV. We see that the relation E,(x)/
P < (E/P) holds;i.e., a field intensification is a fundamen-
tal necessity for the acceleration of electrons. Although the
runaway electrons preionize the gap, avalanches whose
overlap might hinder contraction do not have time to devel-
op far from the cathode (x > 1 cm). On the other hand, as A
increases, the discharges may, after passing through a vol-
ume stage, contract again at very large values of A. For ex-
ample, nanosecond high-voltage volume discharges in air at
P = 760 Torr become contracted asd decreases. A reduction
of d by a factor of 7 reduces U,, by a factor of less than 2
(Table III); i.e., the overvoltage increases, as does E. At
small values of r_, this occurs far from the cathode for the
most part. A contracted channel is apparently preceded by a
volume stage. The many experiments which have been car-
ried out on nanosecond high-voltage discharges in air at at-
mospheric pressure lead to the following conclusions: A con-
tracted channel forms if there is a sufficiently strong field,
and the probability for the formation of a contracted channel
increases with the uniformity of the field. At sufficiently
small values of d, the measured value of 7,,, can be accounted
for entirely by the preionization of the gas by anomalous-
energy electrons, followed by avalanche breeding. The con-
tracted channel grows from the cathode in a plasma with a
fairly high degree of ionization. Because of the screening of
the field by the plasma, the field ahead of the channel front,
E;, can reach the values required for intense ionization of the
gas over a time S 1 ns.

Beginning at certain sufficiently large values of E,/P,
the formation of a contracted channel may be due to a
runaway of essentially all the electrons near the head of the
channel, including the electrons near the maximum of the
ionization cross section o7. The runaway condition then
doubles as the condition for breakdown according to the
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conventional definition of the word. When a displaced Max-
wellian velocity distribution is used for the electrons, and
when the Born approximation is used for the friction force,
one finds the following condition for electron runaway:*

E E\* _ ZeAyG”

?>(T) - dniegdy, ! (5)
whered 2, = &,T,/n,, €%, n,, is the density of gas particles at
P =1Torr, A, is the average value of the logarithm in the
Bethe formula for the inelastic energy loss, G™ is the maxi-
mum value of the Chandrasekhar function, and
£, = 107/4mc* F/m. If we assume T, =10 eV, i.e,, if we as-
sume that this temperature is equal to the average energy of
the electrons in the avalanches at large values of E,/P (Ref.
83), and if we set A;, =1, then we find (E/P)*=2
kV/(cm-Torr) in air. For energies near of" we find
E /P=200 V/(cm-Torr). Both of these estimates are close
to the value of E,/P in the cathode region of a high-voltage
nanosecond discharge in a dense gas at a high overvoltage
(Table VI). Condition (5) holds particularly well at the
front of a channel growing out of the plasma beside the cath-
ode in the volume forms of these discharges as d is reduced.

6.2. Electron runaway and the ((Pd) dependence

A self-sustaining gas breakdown on the left-hand
branch of the Paschen curve U, (Pd), in the region
Pd £ (Pd), is known to develop in a regime of electron
runaway. In this region we have E, = U,/d» E, and the ini-
tial stage is typically a volume stage. It was established in
Refs. 60 and 62 on the basis of the runaway condition and the
datain TableI that the condition eU ™" > £,,; holds for stat-
ic breakdown. That condition means that some of the elec-
trons can in principle overcome the loss maximum L {'P. For
all gases except He the condition (eE,/P).;, > LT, holds;
i.e., the runaway condition holds on the entire left-hand
branch of the U, (Pd) dependence, evenif E; isignored. The
values of (e¢E,/P) ... arecloseto L T, except in very electro-
negative gases. Figure 18 shows U, (Pd) in air and He, along
with E, (Pd)/P in air. The values of E,/P= L{/e and
(E,/P),,, are shown here. The function E (Pd)/P de-
creases monotonically with increasing Pd, and a necessary
condition for electron runaway at Pd > (Pd) ;. is a local
intensification of the field by space charge. This condition
underlies the classical streamer model for Pd= 200
Torr-cm. If one assumes (E/P), = (U/Pd)pin =L7
= const for a given gas, then an increase in A should be
accompanied by an increase in (Pd) i, ; i-€., anincreasein A
(a decrease in the rise time 7, of the voltage pulse) should
be accompanied by a rightward shift of the minimum of
U(Pd). Figure 18 shows measurements of U(Pd) ford =1
cm in an approximately plane-parallel geometry.®* Curve 4
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was found during the breakdown of air by microsecond
pulses with exposure to UV light (A = 0.3 at P = 760 Torr).
Curves 5 and 6 correspond to discharges at large values of A
(Tgen <0.6 ns, Az, =5 —8 ns, UR, =250 kV). The dis-
charges begin at the front of the voltage pulse and develop in
an electron runaway regime over the entire range of P.

To the left of the minimum, the discharges are volume
discharges; to the right, a contracted channel gradually
forms with increasing Pd. After a certain value of Pd is ex-
ceeded, the discharges become volume discharges again.
Curves 4-6 have the shape characteristic of Paschen curves 1
and 2, with a characteristic minimum. The position of this
minimum can shift to larger values of Pd. Note the approxi-
mate equality of the values of U, /(Pd) ,;, for all curves 1,
4, and 5. This approximate agreement means that a neces-
sary condition for the acceleration of electrons to the right of
the minima on curves 4 and 5 is a local intensification of the
field by space charge, as in the static case. Shown here and in
Table VIII are data from studies which detected x radiation
in plane-parallel gaps. The arrow means that U, was not
measured during the breakdown; i.e., the condition
U,, > U g, shown in Fig. 18, may hold. Interestingly, the
single point from Ref. 53 essentially coincides with curve 4
for a microsecond pulse, in the region (Pd).,, < Pd <200
Torr-cm. The overvoltage at this point is only A=~1. The
observation of soft x radiation during breakdown on the
right-hand branch of U, (Pd) would make it possible to com-
bine conclusively all regimes of spark breakdown of dense
gases on the basis of a common mechanism. If such experi-
ments are to succeed, they will require methods for detecting

FIG. 18. The functional dependence U(Pd). Static case: I-Air; 2-
helium. E, /P: 3-Air; 4-microsecond pulse in air. Nanosecond pulse:
S-Air; 6-helium.***> M-According to Ref. 57.

radiation which are more sensitive than those which have
been used in the published studies.

7.MECHANISM FOR THE GENERATION OF ANOMALOUS-
ENERGY ELECTRONS

Fast unthermalized particles are typical of hot plasmas.
Their presence is usually correlated with the excitation of
plasma instabilities. The time scales of the acceleration
mechanisms which involve these instabilities, however, are
greatly at odds with experimental data on high-voltage
nanosecond discharges in dense gases at high overvoltages.
Stochastic acceleration in the dense plasma near the cathode
in a discharge, for example, requires T, =200 eV (Ref. 84).
Experiments carried out to detect thermal x radiation from
the plasma beside the cathode, corresponding to a tempera-
ture T, ~ 100 eV, have yielded negative results.”® Accelera-
tion in the vortical electric fields generated during the devel-
opment of the necks in the hypothetical micropinches near
the cathode, which may form near emission spots, would
require collapse velocities comparable to the velocity of
light, but such velocities are unlikely in dense gases under
the conditions prevailing in nanosecond discharges. Fur-
thermore, the development of necks is suppressed by the
breakdown of the gas between adjacent thickening regions.

In a dense gas with a strong electric field, the mecha-
nism for the generation of anomalous-energy electrons
which appears to be the most natural is that which is asso-
ciated with an extremely high rate of ionization: polarization
self-acceleration of charged particles.”®° That mechanism
was outlined in the Introduction to this review, as the result

TABLE VIIL
Reference P, Torr d, cm Tgen) DS | UT,, kV Aty ,ns

[43] 760, air 0.04 2 40—58
[45] 30, air 1—6 <2 40 40, 100
[49] 76—760, N, 0.4 3 20 150
53] 500, N, 0.5 20—30
[57] 10, air 0.1 50 3—12
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of an extrapolation of the first of the three ideas underlying
the streamer model to the region of overvoltages of a large
factor. Since the anomalous-energy electrons are detected at
the current front, Az, S 7,, and their number is N, ~ N {*,
their generation can be explained on the basis of the mecha-
nism of polarization self-acceleration at the front of a pri-
mary streamer of length [, <d, which develops near the
cathode during the rapid increase in the conduction cur-
rent.>>3® If the streamer is approximated as an ideally con-
ducting semiellipsoid of revolution, which is stretching out
from the cathode surface (x = 0) in the direction opposite to
that of E,, then the field in Eq. (3) with ¥ = 0 can be de-
scribed by

Er (5, 0)= Eq + E, (f (L) —1) (1+ ,i) (6)

c / c

Here /. and 2r,,, are the length and thickness, respectively,
of the streamer; £ is reckoned from the streamer surface,
which is to be understood as the surface with
E (&¢) = ET; and f(l,, /ry, ) is the field intensification
factor. We assume that the electron runaway condition E **
>E,, becomes satisfied at the streamer front at a time £, with
respect to the application of the voltage pulse. Since /,,, in-
creases over time in an accelerated manner according to the
first of the three streamer-model ideas, the runaway elec-
trons at the point x =/ + £ “observe” a field stronger than
the field which existed at this point at the time at which these
electrons started from the streamer surface. In the limit in
which the polarization of the streamer plasma and the dis-
placement of the field occur so rapidly that the velocity of
the runaway electrons and /,,, become equal, there can be a
synchronized motion of the maximum of the intensified elec-
trostatic field Ef* = E;({ =0,/ =0) at the streamer
front, (a field soliton) and of the electrons accelerated in the
field. Since the runaway electrons preionize the gas ahead of
the streamer front, a soliton with a growing £ " isin a sense
transported by the runaway electrons themselves: Thereis a
self-acceleration. We denote the position of the front of the
runaway-electron flux with respect to the cathode by:

Xe () = § e (¢') dt’.

The position of E " is then given by, according to Fig. 1
(Refs. 35 and 36),

t
() 1 () = %e (t — T) + S v_(t')dt’
-t
-1 ¢
= S e (t) d¥ + S u_(t"dY, (N
ty -1
where 7(#) is the time scale of the screening of the field E;
due to the drift of the electrons at the front, moving at a
velocity v_ (E;).

In the quasineutral region x S x,(¢), where the field is
weak, a conduction current of density en.v_ flows. In the
interval [x;(#), x. (¢)], there is an intense ionization, and
there is a drift of electrons at the velocity v_ (z), which
causes a polarization of the plasma and a displacement of the
field toward the anode at a velocity v (#) =x; (t) =J,,.. Here
the current densityisen.v_ (E;) — £,0 E;/dt. In the region
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x>x, (1), only a displacement current flows, with a density
e E /01,
Introducing the length of the ionization wave,

t t
A =x(t) —x )= 5 ve (') dt’ — 5 u_(ydt (8)

-1 et

and differentiating it under the condition that the motion of
the runaway-electron front is synchronized exactly with the
streamer surface A = const, we can write

Av, v, (8)

v(¢—1 v (—r)

—l~—r, 9

In other words, a polarization self-acceleration (Avy, > 0) is
possible if 7 < 0. In the opposite case, the runaway electrons
detach from the soliton (v, > I, ), and the synchronization
is disrupted. The value of A must be small enough to satisfy
thecondition E (x, ) =~ E P**. If the synchronization is main-
tained, the energy of the runaway electrons depends strongly
on the streamer length®® [, ~x;(¢). If we assume'?
SUg /70 ) = (L /7 )* where'?r,,. ~const, if we assume
& =A<«l,,, and if we ignore the energy loss, then we find
from (3) and (6)

(0 L i 2
Aer ef dI%Es (L) ek, (—) = (10)
le (1) Fyr 3
The flux of runaway electrons, N, /S., causes a preioni-
zation n, (0) =N.o,n, P/S,, over adistance A ahead of the
frontal surface of the streamer, with an area S, ~ 772, . As-
sumingv_ =u_(E,/P)E /P, where the electron mobility
is®® u_ = const' (E;/P) ", and n, (t) = n, (0)exp(av_t),
we find the expression av_r=In(7,_,/7) from the condi-
tion for the screening of the field £ by the plasmawhich is
forming: en v _7/¢,= E ;. The time scale of this screening in
the case a = 0 is*®
E; al
E

Tg—=0 =

. 20U

Here E, = eN,/2&,S,,, is an estimate of the self-field of the
runaway electrons, and A; = 1/n,, o; P. We then find

. T T d

T_l—l—-av_t [(T)a:o_—‘r?av_]. (Ih

For eE /PR L T in air we would have av_ ~E /P and
v=0.5 (Refs 12 and 83). Apgain assuming

E.=~E,(,, /r, ) where r,, = const and o,~const/¢, we

find
T z 2 vs!rT
I+avt [

(2 —av_T). (12)

Sincewehaveav_ 7=1In(7,_o/7) =In(E;ad,/2E.),
accurate up to the operation of taking logarithms twice, we
have 7 <0, according to (12), under the condition

<%)ak,>2€2z15. (13)

e

In very strong fields E;, in which all the electrons at the
streamer front run away, condition (13) may be violated,
because E;/E. -1 and ad, - 1. If there is no avalanche
breeding (a = 0), the condition 7> 0 holds at all times.>¢
The runaway electrons thus initiate undamped ava-
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lanches in a volume ~ 72, A. Under condition (13), these
avalanches synchronize the motion of the runaway electrons
and the electrostatic-field soliton, which are in a sense cou-
pled chains of avalanches.*® A necessary condition for the
formation of these chains is n, (0)7r’z,. >1. We thus find a
lower limit on the number of runaway electrons:
min L €Um M

Ne> Nt S T d (14)
where z, is the distance traveled by an avalanche before the
beginning of ambipolar diffusion. Here, in contrast with Ref.
36, we have made use of the circumstance that in strong
fields the maximum avalanche radius r, is®* rD_ (z,) and is
not limited to a value'? 1/(2a).

A limitation stronger than (14) on the number of
runaway electrons stems from the self-field of the space
charge, E, < E, or*®

250Ef Sslr ~ 2nBOUm1:lr
e = ed

N < N~ . (15)

Assuming /. ~1, ~1 mm (Subsection 3.1), U, =200
keV, and d = 2 cm (Table II1), we find from (10) that the
anomalous-energy electrons acquire an excess energy
Ae = ¢, —eU,, =100 keV over a distance /, <d if the con-
dition /., /r,. =~ (3d 2l )""* =5 holds. This condition is
completely realistic. The dark space (Subsection 3.1) and
the termination of self-acceleration result from an intensifi-
cation of the field at the streamer front which occurs when
the electrons at the front reach energies in the region of the
incident energies, o; (¢), over one mean free path and are
scattered out of the effective range of the soliton without
initiating avalanches and without causing any significant ex-
citation of the gas. When we then assume o, (100
keV)~10-18 cm?, a/P~10 em ™! -Torr !,
az,~az,~10, and T,=10 eV, we find the estimates
[N N7*] =[410°4-10°] from (14) and (15). In other
words, the number of anomalous-energy electrons detected,
N, =~10* — 10° (§4), lies in the interval defined by the limi-
tation associated with the self-field of the space charge and
the requirement that there be sufficient preionization ahead
of the streamer front. The estimate of N ™" is much too low,
since in fields E>E,, the ionization is not described by the
Townsend coefficient @. The duration of the acceleration
iSSS

Ip
At~ Y vldl &~ 20ps < 71,
I

These estimates provide evidence that the concept of a
polarization self-acceleration does not contradict experi-
mental data on the dynamics of discharges in dense gases at
high overvoltages with anomalous-energy electrons. The re-
sults of Refs. 23, 33, 50, 51, 54, 61, and 78 constitute the first
observations and studies of the polarization self-acceleration
of charge particles which was predicted by Askar’yan.?3¢
A nontrivial aspect of this effect is that it occurs only in
dense gaseous media. At reduced pressures, at which the rate
of dissipative processes falls off, the effect fades away. In this
sense, polarization self-acceleration is analogous to the self-
focusing of light and sound waves.?® At first glance, polar-
ization self-acceleration of electrons would appear to be an
exotic mechanism, which would operate only in a dense gas
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at a high overvoltage. However, the acceleration motion of
streamers under the condition A < 1, under which the classi-
cal Raether model holds,”'? is essentially a polarization
self-acceleration, but under conditions such that there is
time for the attainment of a local equilibrium between the
average electron energy (¢) and E; =~E,(I /r)?, which in-
creases more rapidly than (£). In N, at 20SE/P5100
V/(cm-Torr),forexample, wehave (g) ~E?3~1*? <17 A
fundamental distinction between the Raether model and As-
kar’yan’s mechanism is that in the former case the electrons
undergo a drift motion (E; € E,, ), while in the latter case
they undergo a continuous acceleration (£, > E,, ) and can
acquire an energy £> eU,,.

8.PHYSICAL PROCESSES NEAR THE CATHODE

The rise time of the current pulse is the sum of three
components:** 7, =t, +t,, +t,, where ¢, is the statistical
delay time, and ¢, is the time required for the production of
the plasma near the cathode and of the cathode spot, reck-
oned from the time at which the avalanche reaches critical
dimensions, before the beginning of explosive electron emis-
sion. Corresponding to each of these components is a charac-
teristic size of a spatial region with a field £~ 10-100
MV/cm. Since r; < 0.5 ns, weseethatz,,t,,and ¢, fallin the
picosecond range. In this range, gas breakdown is initiated
by field emission from a few elongated microscopic protu-
berances or whiskers.>*?' These whiskers have a reduced
work function ¢ under the condition that a field £, ~20-
100 MV/cm is reached near their tips. Babich et al.*? have
carried out a model-based calculation of one-electron intia-
tion of a high-voltage nanosecond gas discharge at a high
overvoltage, without making use of such customary estimat-
ed characteristics®* as the field intensification u = E,, /E,
or the effective emitting surface area of a whisker, S, . They
showed that a region near the tip of the whisker, consisting of
asmall number of atoms, does the emitting. For the emission
of a single electron over a time ¢, < 1 ns, there would have to
be whiskers having a height-to-thickness ratio a/2b~10-20
if @ = 2.6-4.5 eV. Because of the uncertainty in the micro-
scopic surface relief of the cathode, the customary use of a
semi-ellipsoid of revolution to model a whisker makes the
calculation rather arbitrary.’> As a result of the develop-
ment of a net space charge of positive ions near a whisker
which has initiated an electron avalanche, over a time ~1¢_,
the field intensifies, and neighboring microscopic protuber-
ances also start emitting.>? The intensity of the field emis-
sion near the site of the first ionization events is higher than
the average intensity over the cathode, and it increases in a
self-consistent fashion with E .. Asa result, the emission

current localizes at a small spot, and the plasma near the
cathode is produced in a manner which is coordinated with
the development of this small spot. The process is of the
nature of an emission-ionization instability. Over a fraction
of a nanosecond, a ‘“‘quasianode” consisting of a cloud of
positive ions thus forms near the cathode. There is a transi-
tion to thermal-field emission, and after a certain delay 7.,
the emitting microscopic proturberances of a cathode sapo
explode. In other words, an explosive electron emission oc-
curs in the gas.2*32%85%7637 Ag was shown in Ref. 88, the
electron emission and the development of the conductivity
of the region near the cathode are strongly influenced by
such processes as the surface migration of atoms and mole-
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cules toward the tips of micrescopic protuberances, the re-
constructing of surface layers of adsorbed gases and vapors,
and the desorption of these gases and vapors. There is the
possibility of a many-electron initiation of nanosecond gas
discharges as the result of a breakdown of dielectric
films.?”%8

Experimental studies have been carried out on the effect
of gaseous and explosion plasmas on emission processes for
the conditions prevailing in high-voltage nanosecond gas
discharges in dense gases at high overvoltages.”>***® Cath-
odes with an extended working surface (r, = 3-6 mm) have
been used; this surface has been polished, or, on the con-
trary, notches have been made in it. In air at P=~760 Torr,
plasmas regions near the cathode (Subsection 3.1) form, no
matter what the surface state of the cathode. If P~103
Torr, a plasma is produced only in the case of notched cath-
odes. In gaps with polished cathodes at P~ 10~* Torr, dis-
charge phenomena (currents, plasmas, and x-ray emission)
and manifested as d is reduced to the value at which E, is
larger by a factor of 3-5 than at P~ 760 Torr. As was men-
tioned back in Subsection 3.1, the breakdown delay time ¢ 4,
which is reckoned from the beginning of the flow of the bias
current I,, decreases with increasing P (Fig. 8). These re-
sults are convincing evidence that the field is intensified by
the positive space charge of the air plasma and that ions of
this plasma participate in the electron emission. At suffi-
ciently high pressures, explosive processes near a cathode
spot are initiated by a gaseous plasma, as follows from time-
resolved spectral measurements of the emission from the
plasma near the cathode (Subsection 3.2). We should add
that in high vacuum (P% 10" Torr) a plasma is not pro-
duced near the cathode in a gap with a cathode made of the
VNM (W-Ni-Cu) alloy. Only four atomic lines of WI are
observed in the emission spectrum of the cathode region.
These lines are the same as are observed in air at P =760
Torr. In order to detect the spectrum of the discharges in
vacuum, it has been necessary to increase the number of
pulses by a factor of 100 (Ref. 88). Figure 19 shows photo-
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micrographs of the working surface of a cathode.”® We see
microscopic craters ~1-10 um in diameter, arranged in
groups around marks left by the mechanical treatment (Fig.
19a). We also see some isolated microscopic craters, sur-
rounded by a melted surface (Fig. 19b). On a nickel cathode,
the central lune is surrounded by a zone whose temperature
rises sharply during the discharge (Fig. 19¢). The nature of
the erosion depends on both the pressure and the thermody-
namic characteristics of the metals. At reduced pressures,
the erosion is less pronounced (Fig. 19d). Either a single
microscopic crater or many microscopic craters, smaller in
size, can form in a single pulse. When there are numerous
craters, they are arranged at random over the surface of the
cathode or concentrated near marks left by the processing.
The heating of the cathode near the microscopic craters
stems from the heat flux from the center of a microscopic
explosion, ion bombardment, and emission from the plasma
near the cathode. No erosion has been observed at the anode.
The explosive change in the microscopic relief of the cathode
surface was caused primarily by a pulsed heating of the mi-
croscopic protuberances by the thermal-field emission cur-
rent of critical density.**®>® Since the total area of the emis-
sion spots is S, =~ 10~ ° cm? (Fig. 19b), and since we have
I, =~1-2 kA, the emission current density is j,, =1, /Sem
~1 TA/cm? This figure agrees with the density of the
preexplosion current for Ni and Zn, estimated from
J2t.=2-10° A%/cm* with ¢, ~¢, =0.1 ns. In addition to the
Joule heating of the microscopic emitter, one should take
into account the shock heating by ions of the discharge plas-
ma; these ions acquire a significant energy in the intensified
field near a microscopic protuberance which focuses
ions.*®>® This factor is quite important in promoting an ex-
plosive electron emission in the gas discharge.

The role played by the explosion plasma in the develop-
ment of high-voltage nanosecond discharges in dense gases
at high overvoltages is thus more modest than that in vacu-
um discharges. Further evidence for this conclusion comes
from the fact that the conduction current reaches its maxi-

FIG. 19. Photomicrographs of regions on the surfaces of cathodes. a—
Zn, 50 pulses, P = 760 Torr; b = Zn, 1 pulse, P = 760 Torr; c-Ni, 50
pulses, P = 760 Torr; d-Zn, 50 pulses, P =40 Torr (Uy,, = 250kV,
air, d = 15 mm, r. = 6 mm; Ref. 59).
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mum before the metal lines appear in the spectrum of the
plasma near the cathode.”® In other words, the explosion
processes are playing a secondary role, and the plasma of the
gas is the factor of primary importance in stimulating elec-
tron emission from the cathode.®*

9. MECHANISM FOR THE DEVELOPMENT OF DISCHARGES
INDENSE GASES AT HIGH OVERVOLTAGES

According to the research results presented above, the
dynamics of high-voltage nanosecond discharges in dense
gases at high overvoltages can be outlined as follows. Field
emission of a few electrons initiates an electron avalanche.
This avalanche develops at the front of the voltage pulse.
Over a time of the order of hundreds of picoseconds, and
over a distance z., ~ 100 zm, it converts into a streamer,
directed toward the anode. Before the voltage pulse reaches
its maximum value, the electric field at the front of the
streamer reaches a critical value E_,. At this critical value,
runaway electrons appear, and Askar’yan’s mechanism of
polarization self-acceleration comes into play. It leads to the
generation of a subnanosecond pulse of anomalous-energy
electrons. These electrons preionize the electrode gap, giving
rise to volume discharges in gaps with a relatively uniform
field. In highly nonuniform fields, volume discharges form
solely as a result of ionization of the gas by the flux of
runaway electrons. Since the gap width satisfies d>z_,, the
propagation of ionization toward the cathode is supported
not so much by preionization of the gas by emission from
excited atoms®'” and by bremsstrahlung of avalanche elec-
trons® (and then by electrons of the streamer and the
runaway electrons) as by the photoelectric effect at the cath-
ode.”>®! The local field intensification at the cathode by the
positive space charge of the ions, which occurs in a manner
coordinated with the development of ionization and emis-
sion processes, gives rise to a plasma region at the site of the
first avalanche in a time ¢, S 1 ns. The formation of this plas-
ma region is accompanied by the development of a cathode
spot and by explosion processes on the cathode, with a tran-
sition to an explosive electron emission. At sufficiently small
values of 4 (at sufficiently high values of the external electric
field E,), the plasma transforms into a contracted channel,
which grows, if there is a continuous preionization of the gas
by the flux of runaway electrons. Because of the huge value
of the local field, the head of the channel, at which the nega-
tive space charge is concentrated, is accelerated as a whole.
Although it has been found possible to deliver a power den-
sity ~ 100 MW/cm? to a gas-discharge gap, the plasma re-
mains a low-temperature, weakly ionized plasma through-
out the evolution of the discharge, because of the weak
interaction of the runaway electrons with the gas. The statis-
tics of this interaction and the statistics of the initiation of
electron avalanches explain the diversity of spatial forms of
the discharges.

10. CONCLUSION

Mesyats et al.? concluded their earlier review with the
following words: “This type of discharge, however, has not
yet received much study.” They meant discharges in dense
gases at E,~ 100 kV/cm. In 1972, only a few studies of this
topic had been published.'84344:48:49.75,90.92.93 The apparatus
for generating high-voltage pulses with subnanosecond rise
times which was developed in the 1960s made it possible to
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push research on gas discharges into the region of stronger
fields. Since that time, systematic studies have been carried
out, and these studies have radically changed our under-
standing of the physics of the breakdown of high-overvol-
tage gas-filled gaps at Pd values to the right of the minimum
on the Paschen curve U, (Pd). It has been found that there
are only a limited number of basic principles underlying the
classical models of the electric breakdown of dense gases,
which are actually constructed on the basis of a local diffu-
sion-drift approximation of the equations for the moments of
the electron distribution function.®'? At high overvoltages
A, the concept of “locality” loses its meaning. The basic
principles of a nonlocal mode of the breakdown of dense
gases in gaps with high overvoltages were formulated not in
1980 (Ref. 34), as was asserted in Ref. 91, but much ear-
lier.?” Work in this direction was initiated some time ago by
the paper published by Stankevich.'® It turned out that at
A> | the electron runaway effect plays a fundamental role in
the breakdown mechanism and in the entire dynamics of
pulsed discharges in dense gases. The participation of
runaway electron in the breakdown of dense gases can be
seen in the shift of the minimum on the U(Pd) curves with
increasing A (in the decrease in the rise time of the voltage
pulse, 7., ) at large values of Pd. The dielectric strength of
gases is thus characterized by a single-parameter family of
U(pd,7,., ) curves, where 7., is a parameter. Yet another
fundamental dependence Unpin =S(Pd) i)
~(E/P)., (Pd) .., arises here; it is clearly worthwhile to
measure this dependence for various gases. Several argu-
ments, including some which follow from direct experi-
ments, constitute a quite convincing case that runaway elec-
trons participate in the dynamics of pulsed discharges
beginning at relatively low values of A, and the hypothesis of
photoionizing emission in the mechanism for the breakdown
of gas-filled gaps with an overvoltage becomes extraneous
over a wide range of conditions. In order to identify the
boundary on the region of applicability of the nonlocal mod-
el, it is necessary to study the electron runaway effect at
small values of A and to study the photoionization of gases
by photons with #iw~¢g;, at A> 1. The simplest way to
achieve E_, in a dense gas near U, (Pd) is to use a highly
nonuniform electrode configuration. Of particular interest
for the physics and technology of high-voltage, high-pres-
sure switches would be to advance the research on accelera-
tion processes into the range of pressures above atmospheric.
Acceleration processes are effective in systems for initiating
and pumping high-power, high-pressure gas lasers.®®%4%
Electron accelerators which operate on the basis of a high-
voltage glow discharge at P < | Torr are used in several prac-
tical applications.’>®® As was shown above, the boundary of
the region of intense electron runaway, P, , shifts to a high-
er pressure as A is increased. With the help of a system for
forming high-voltage pulses with 7., shorter, and with a
steepness U,., greater, than in the given study, it would be
possible to develop an efficient electron accelerator which
operates in air at atmospheric pressure. The development of
such systems is a scientific-technological problem which de-
serves attention now. The solution of this problem would
make it possible to realize more fully the capabilities of the
mechanism of polarization self-acceleration of charged par-
ticles in dense gaseous media. This mechanism is manifested
even in the dynamics of classical streamers at A €1, as a drift
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motion of electrons at the streamer front. In the form of a
purely accelerated motion of a stream of electrons, this
mechanism is realized as the generation of anomalous-ener-
gy electrons in a dense gaseous medium, as was first observed
in a study of the breakdown of air-filled gaps at atmospheric
pressure with a high overvoltage.
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