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Abstract: New understanding of mechanism of the runaway electrons beam generation

in gases is presented. It is shown that the Townsend mechanism of the avalanche electron

multiplication is valid even for the strong electric fields when the electron ionization

friction on gas may be neglected. A non-local criterion for a runaway electron generation

is proposed. This criterion results in the universal two-valued dependence of critical

voltage Ucr on pd for a certain gas (p is a pressure, d is an interelectrode distance).

This dependence subdivides a plane (Ucr, pd) onto the area of the efficient electron

multiplication and the area where the electrons leave the gas gap without multiplication.

On the basis of this dependence analogs of Paschen’s curves are constructed, which contain

an additional new upper branch. This brunch demarcates the area of discharge and the

area of e-beam.

The mechanism of the formation of the recently created atmospheric pressure

subnanosecond e-beams is discussed. It is shown that the beam of the runaway electrons

is formed at an instant when the plasma of the discharge gap approaches to the anode. In

this case a basic pulse of the electron beam is formed according to the non-local criterion

of the runaway electrons generation.

The role of the discharge gap preionization by the fast electrons, emitted from the plasma

non-uniformities on the cathode, as well as a propagation of an electron multiplication

wave from cathode to anode in a dense gas are considered.
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1 Introduction

This review discusses three aspects of the physics of discharges in gases under atmospheric

pressure, related to the generation of high-power electron beams. Firstly, a review of pub-

lications is given in sect. 2, in which the new understanding of mechanism of generation of

runaway electrons beam in gases has been developed. Secondly, experimental results on

subnanosecond electron beams in gas-filled diodes at atmospheric pressure are discussed

in sect. 3. Thirdly, some properties of nanosecond discharges, which allow obtaining such

high-power beams, are analyzed in sect. 4.

It is known that the mode of runaway electrons (or whistler mode) occurs in fully

ionized plasma at a sufficiently strong electric field. The essence of the mode is that most

of the electrons on their free path acquire energy from the electric field, which is much

greater than energy lost due to elastic collisions. It results in a continuous acceleration

of the electrons. The phenomenon of electron runaway in plasma was predicted [1] in-

vestigated numerically [2, 3] and, for weak fields, analytically [4] a long time ago. This

phenomenon is significant for impurity diagnostics and energy balance in the TOKAMAK

plasma [5].

The phenomenon of electron runaway is also observed in gases (see refs. [6-8]). On the

basis of this phenomenon the so-called open discharges in low-dense gases were created

[9-13], and applied, particularly, for lasers pumping [9, 14-16]. Usually the phenomenon

of electron runaway in a gas is described almost in the same way as in the case of fully

ionized plasma. In other words, it is assumed that the runaway takes place when the force

acting on an electron from the electric field exceeds the force of ionization deceleration

[6-8]. Contrary to this viewpoint we will show that the mechanisms of the electron

runaway in gas-discharge plasma and in fully ionized plasma differ radically. Namely,

both the numerical simulations and analytic consideration show that in the case of a

gas-discharge plasma with sufficiently large distances between anode and cathode there is

no acceleration of quite all electrons [17-25]. If the interelectrode distance is sufficiently

large, the predominant number of electrons ionizes the gas in the Townsend mode at

arbitrarily high field strength. In this mode the number of the ionization events increases

exponentially as the distance from the cathode increases while mean electron velocity and

energy do not depend on this distance.

The traditional approach [6-8] gives a local criterion for the electric field strength to

create a large number of runaway electrons. This criterion implies that the field strength

exceeds a certain value at which the energy acquired by an electron on its free path

exceeds the maximum energy losses due to the gas ionization.

The reasons why the traditional approach cannot be applied to the main part of the

electrons in case of intensive electron multiplication are discussed in sect. 2. Accordingly,

it is shown that the local criterion couldn’t be used for a high-current runaway electrons

beam generation in a gas. A non-local criterion for runaway electrons is suggested. The

results of the modeling of Townsend coefficients for helium, neon, xenon, nitrogen, and

sulfur hexafluoride are presented. For a certain gas universal “escape curves”which define
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the area of effective electrons multiplication and the area where the electrons leave the

discharge gap without multiplication are derived.

Nowadays, the studies of the mechanism of runaway electrons generation in a gas

are topical in view of obtaining electron beams of sub-nanosecond duration with huge

current (in air ∼70 A, in helium ∼200 A) at atmospheric pressure [26-34]. Some aspects

of an electron beam formation according to the non-local criterion of runaway electrons

are discussed in sect. 3. It is established that an electron beam is generated during

the stage when the plasma forming on the cathode approaches close to the anode. It is

shown that the generation of a high-current beam at high pressures is possible because of

the existence of the upper branches of the curves characterizing the criterion of electron

escape without multiplication. The role of the gas pre-ionization by the fast electrons

emitted from the plasma protrusions on the cathode, as well as the electron multiplication

wave from anode to cathode is considered.

2 Electrons multiplication and electrons runaway

2.1 Local criterion of electrons runaway

2.1.1 The traditional approach

Let’s discuss briefly the main moments of a theoretical derivation of a local criterion of a

runaway of electrons (for details see [6-8]). It is considered that in case of an established

stream of electrons from the cathode to the anode the electron energy distribution is close

to the monoenergetic one [8]. For energy ε of an electron in electric field strength E, the

following balance equation is used:

dε

dx
= eE − F (ε). (1)

Here x is distance from the cathode, F (ε) is force of friction stipulated by collisions

of an electron with gas atoms or molecules. For a friction force in case of non-relativistic

motion simple expression based on Bethe approximation is often used:

F (ε) =
2πe4ZN

ε
ln

(

2ε

I

)

. (2)

Here Z is the number of electrons in atom or molecule of neutral gas; N is the density

of particles of neutral gas; I is the average energy of inelastic energy losses (Fig. 1).

Approximations using eq.2 as well as more detailed considerations gives a maximum

of dependence of a force on energy of an electronFmax = F (εmax). According to eq.2

F (ε) has a maximum at εmax = 2.72·I/2. Using I = 44 eV for helium and I = 80 eV

for nitrogen, it gives εmax = 60 eV and εmax = 109 eV respectively. A more precise

consideration gives εmax ≈ 100 eV and εmax ≈ 103 eV respectively.

According to the traditional approach, the condition to obtain runaway electrons in

gas is that the field strength E should exceed a critical value E > Ecr1. The critical field
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strength Ecr1is determined by the maximum of the friction force: Ecr1 ≡ Fmax/e. For

example, using eq.2 the critical field is [7]:

Ecr1 = 4πe3ZN/(2.72I), or Ecr1/p = 3 · 103Z/(I/eV ) · V/(cm/torr). (3)

Here p is a gas pressure at 3000 K. For helium Ecr1/p ≈ 140·V/(cm/torr) while for

nitrogenEcr1/p ≈ 590·V/(cm·torr).

The criterion E > Ecr1 is defined locally because the critical field Ecr1 is determined

by the properties of neutral particles and by the gas density in a considered space point.

Let’s discuss simple reasons explaining why the runaway mode, i.e. continuous ac-

celeration of a main share of electrons in gases, actually will not be realized even for

E ≫ Ecr1, if the distance from the cathode is sufficiently large.

2.1.2 Restriction on average electron energy due to multiplication

Let us note, that even in when E > Ecr1 is fulfilled, the mean energy of electrons will not

simply grow along x. Traditional consideration does not take into account an essential

moment which is the electrons multiplication. The derivation of mean energy of electrons

ε* should to start not from (1) but from the modified equation, which take into account

a changing of electrons number. The energy conservation law for electrons in a simplest

form is:

d(Neε
∗)

dx
= eENe − F (ε∗)Ne. (4)

Here Ne(x) is density of electrons in a point x. Taking into account, that dN e/dx

= αiNe, where αi is the Townsend coefficient for the electron multiplication Eq. (3) is

changed to:

dε∗

dx
= eE − F (ε∗) − αiε

∗. (5)

In contrast to equation (1) equation (4) contains a negative term in the right part.

Even if the ionization friction is negligible (F (ε) = 0) the mean energy of electrons is

limited: ε∗ < ε∗max = eE/αi. So, it is impossible to treat equation (1) as the equation for

mean electron energy and to consider the electron energy distribution as monoenergetic

in a gas. However, in a case when ionization does not take place (αi = 0) (for example,

in completely ionized plasma), the traditional approach, based on equation (1), remains

correct.

From the foregoing discussion it is seen that for the main part of the electrons the

Townsend mode of multiplication will be realized even for intense electric fields (E > Ecr1)

where, according to a usual point of view, all electrons should continuously accelerate.

However, a small percentage of fast (continuously accelerating) electrons is certenly also

present. Moreover, such electrons can play an essential role in preliminary ionization of

gas. However, the percentage of the continuously accelerating electrons becomes small in
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relation to the total number of electrons at a certain distance from the cathode, wherein

the growth of mean energy of electrons terminates.

2.2 Electrons multiplication in various gases

2.2.1 Used models

We will discuss below the results of simulations of multiplication process for He [17-19,

22, 24], Ne [25], Xe [18, 19, 22], N2 [21, 22] and SF6 [19], which were performed within

the framework of a model described in [34,35]. In these simulations an electron motion in

a flat gap (between two planes spaced by a distance dand driven by the applied voltage

U) was considered. It was assumed that the constant voltage onto the planes was applied

long before the appearance of electrons in the gap. Simulation methods and some results

were applied also to study of the space form of an isolated avalanche [23]. For simulation

in a cylindrical geometry see [34, 35].

The electrons were born on the cathode with a chaotically directed velocity and initial

energy distributed according to the Poisson distribution with average value ε0 = 0.2 eV.

The equations of motion of all the electrons (both ejected from cathode and borned in

collisions of electrons with gas atoms) were solved at short time steps. The elastic and

inelastic collisions were simulated with probabilities determined by the cross sections

of the elementary processes. The electron-electron and electron-ion interactions were

neglected.

The cross sections used in simulations and the corresponding energy losses are pre-

sented in Fig. 2-6. Cross sections for rare gases (Fig. 2-4) are based on data [8,36-42].

Total cross-sections of an electron - a nitrogen molecule collision were collected from [43-

47] and cross sections of nitrogen molecule ionization from [48-51]. The excitation of 10

the lowest electronic states (data of [52, 53]) and the 8 lowest vibration levels ([54, 55])

of a nitrogen molecule were accounted (Fig. 5). Data on the cross sections and energy

characteristics for SF6 (Fig. 6) were taken from [56-58].

2.2.2 Townsend mode of ionization

Calculations reveal that the Townsend ionization regime actually takes place and runaway

electrons are actually absent for the considered reduced field intensities E/p in the range

10-105 V/(Torr·cm) at sufficiently large interelectrode distances d ≫ α−1
i . With increasing

the distance x from the cathode, gas excitation and ionization exponentially increase, and

a constant mean velocity and mean energy of electrons are established at sufficiently large

distances from the cathode (see Fig. 7). The distribution function of electrons, reaching

the anode is a maximum at low energies and ε*≪ eU.

The slope of the logarithmic curve ni on Fig. 7a determines the Townsend multipli-

cation coefficient αi. The multiplication coefficient αi is proportional to the gas density

(pressure) and depends essentially on the reduced field strength E/p such that αi(E,p)

= p · ξ(E/p).

The following approximations for ξ(E/p) in helium and xenon [8, 59] are used:
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ξ (E/p) = A · exp

(

−B ·
( p

E

)1/2
)

. (6a)

Here A = 4.4·(cm·Torr)−1, B = 14·(V/(cm·Torr))1/2 for helium and A = 65.3·1/(cm·Torr),

B = 36.1·(V/(cm·Torr))1/2 for xenon.

For neon, a different approximation is taken from ref [7]:

ξi = A ·

(

E

p

)s−b ln(E/p)

, (6b)

with A = 1.88·10−4·1/(cm·Torr), s = 3.052, b = 0.23.

However, the calculations show that this approximations is correct only at relatively

small reduced field strength E/p< (E/p)max (see Fig. 8,9). As it follows from simulations

(E/p)max = 200 V/(cm·Torr) for helium, 300 V/(cm·Torr) for neon and 1500 V/(cm·Torr)

for xenon. With further increase in E/p the multiplication coefficient αi start to drop.

This drop is related to the decrease of the ionization cross section at high energy ε.

Based on the simulation results and on known experimental data, the following ap-

proximations over all E/p range can be proposed for helium, neon and xenon [17, 18,

25]:

ξ (E/p) = A · exp

(

−B ·
( p

E

)1/2

− C
E

p

)

. (7)

Here A = 5.4·1/(cm·Torr), B = 14·(V/(cm·Torr))1/2, = 0.0017·(cm·Torr/V) for he-

lium; A = 7.2·1/(cm·Torr), B = 16.1·(V/cm·Torr)1/2, = 7·10−3·(cm·Torr/V) for neon; A

= 45·1/(cm·Torr), B = 31.1·(V/cm·Torr))1/2, = 1.7·(cm·Torr/V) for xenon.

The known approximation for ξ(E/p) in nitrogen is [8, 59]:

ξ (E/p) = A · exp
(

−B ·
( p

E

))

, (8)

where A = 12·1/(cm·Torr), B = 342·V/(cm·Torr) at E/p= 100 to 600 V/(cm·Torr); A

= 8.8·1/(cm·Torr), B = 275·V/(cm·Torr) at E/p= 27 to 200·V/(cm·Torr).

Calculations show that the latter approximation is correct when E/p < (E/p)max =

1500 V/(cm·Torr) (see Fig. 10). For the whole range of E/p the following approximation

may be proposed for nitrogen:

ξ (E/p) = A · exp

(

−B ·
p

E
− C

E

p

)

, (9)

where A = 15·1/(cm·Torr), B = 235·V/(cm·Torr), = 1.7·10−4·(cm·Torr/V).

We shall mark that the magnitudes Emax exceed the magnitudes Ecr1estimated above.

This is not surprising since the formula (2) is rather rough. It is clear that the magnitude

Emax determines actually not a condition of continuous acceleration of a main part of

electrons as x increases, but a condition of a falling of Townsend multiplication coefficient

at E > Ecr1. Thus the magnitudes Emax determined in [17-25] are simply updated

magnitudes Ecr1.
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2.2.3 The Townsend coefficient in an electronegative gas

It would also be of interest to use the same method in the analysis of the mechanism of

electron multiplication in electronegative gases, which are characterized by a large cross

section of the electron attachment to molecules. In view of the competition between the

electron attachment and multiplication processes, it is not clear whether the concept of

the Townsend coefficient is adequate in application to such gases, which are widely used in

various discharges, in particular, for pumping exciplex and chemical lasers. The electron

multiplication and runaway in SF6 were considered in [19]. For this gas the characteristics

of the electron collisions are well known.

The results of the calculations in [19] show that for a sufficiently large reduced field

strength (E/p> 94·V/(cm Torr)) and sufficiently large interelectrode distance (d> α−1
i ),

the anticipated Townsend ionization regime actually takes place. The main characteristics

of the regime (Fig. 11) in SF6 reveal the same qualitative behavior as in He, Ne, Xe, and

N2. The function ξ(E/p) in SF6 has its maximum at (E/p)max ≈ 5·V/(cm·Torr).

An important feature of electronegative gases is that the attachment to the molecules

dominates the multiplication process when the electric field strength is below a certain

value (E/p< 94 V/(cm·Torr) for SF6) (Fig. 12). According to the experimental data the

discharge in SF6take place when E/p> 117 V/(cm·Torr) [8] and ξ(E/p) > 0.

The regime of electron attachment is, in a certain sense, the converse of the multipli-

cation process (Fig. 13). Indeed, an exponential dependence of both the electron current

and the number of inelastic collisions on the distance x from the cathode also takes place

in the attachment regime. The mean electron energy ε* and the mean projections ux

and u⊥ of the electron velocity do not depend on x in this regime, as in a multiplica-

tion regime. However, the multiplication coefficient in the attachment regime becomes

negative.

The attachment prevails over multiplication in the region of reduced field strengths

E/p< 94 V/(cm·Torr), where the average electron energy ε* drops significantly (ε* < 10

eV) below the first ionization threshold (20 eV for SF6). Another noteworthy fact is the

linear dependence of the multiplication coefficient on the reduced field strength in the

region of sign change (Fig. 13).

2.2.4 Efficiency of various inelastic acts

In a number of applications the relative efficiency of various inelastic acts in a given

external electric field of strengthE presents some interest. The results of calculations for

He, Ne andSF6are presented below.

For helium the following magnitudes on the basis of the model described in ref [17-19]

were calculated (see Fig. 14a):

δi = ni/nΣ; δ1P = n1P /nΣ; δ1S = n1S/nΣ; δ3P = n3P /nΣ; δ3S = n3S/nΣ;

Here ni is the number of ionization acts; n1P , n1S, n3P , n3S are the numbers of acts

of excitation of states 21P, 21S, 23P, 23S and nΣ = ni + n1P + n1S + n1P + n1S is the total

number of inelastic acts.
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nΣ,ni,n1P , n1S, n3P , n3S depend on the distance from the cathode x (see Fig. 14c),

however their ratios, in particular the magnitudes δ are independent on x in a Townsend

mode of multiplication (Fig. 7).

For neon the following magnitudes were calculated [25] (see Fig. 14b):

δi = ni/nΣ; δs2 = ns2/nΣ; δs1 = ns1/nΣ; δss1 = nss1/nΣ; δpp0 = npp1/nΣ.

Here ni is the number of ionization acts; ns2, ns1, nss1, npp0 are the numbers of acts of

excitation of states 3s[3/2]2, 3s[3/2]1, 3s′[1/2]1, 3p′[1/2]0; nΣ = ni +ns2 +ns1 +nss1 +npp0

is the total number of inelastic acts.

For SF6, the follows magnitudes on the basis of the model described in [19] were

calculated (see Fig. 14c):

δi = ni/nΣ; δex = nex/nΣ; δvibr = nvibr/nΣ; δatt = natt/nΣ.

Here ni is number of ionization acts; nex is the number of acts of excitation of electronic

degrees of freedom; nvibr is the number of acts of excitation of vibration degrees of freedom;

natt is the number of acts of electron attaching; nΣ = ni + nex + nvibr + natt the total

number of inelastic acts.

The share of energy ∆ε deposed into those or other degrees of freedom, follows from

the data shown in Fig. 6. For an estimation it is possible to take ∆εi ≈ 20 eV, ∆εex ≈

12 eV, ∆εvibr ≈ 0.2 eV and to define the energy efficiency of vibration excitation in the

following way: δε vibr = ∆εvibr · nvibr/(∆εini + ∆εexnex +∆εvibrnvibr) (see Fig. 14c).

2.2.5 The relativistic case

In generators megavolt voltage can be achieved in nanoseconds. The electrons multipli-
cation in helium at relativistic velocities was considered in ref [24]. An the approximation
taking into account relativistic effects was used for the ionization cross section (Fig. 15):

σi(ε) =
f1(ε) · f2(ε)

f1(ε) + f2(ε)
· cm2, f1(ε) = 1.3 · 10−18 (ε − I)

1 + 3 · 10−6 (ε − I)
2

1 + 0.009 · (ε − I)

f2(ε) = 2.05 · 10−15

{

2.36

ε
+

2γ2

γ + 1
·
1

ε
·

[

ln
ε

I

√

γ + 1

2
+

(

1

γ
−

1

2γ2

)

ln 2 +
1

2γ2
+

(γ − 1)
2

16γ2

]}

. (10)

Here ε = mec
2 (γ − 1) is the kinetic energy of incident electron (after deduction of

rest energy) in eV, I = 24 eV is the ionization energy of helium, γ = (1 − v2/c2)
−1/2

; v

is the velocity of incident electron. This cross section is minimum at ε ≈ 4mec
2 ≈ 2·106

eV.

The solution of the motion equation dp
dt

= F ≡ eE gives the electron impulse p at

time t:

px(t) − px(0) = F · t; py(t) − py(0) = 0; pz(t) − pz(0) = 0.

For the velocity one has v(t) = p(t)·c2

W (t)
, where W (t) = c ·

√

m2c2 + p2(t) is the total
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electron energy. The coordinates are obtained by an integration of velocities on time:

x(t) − x(0) = 1
F

[W (t) − W (0)] ,

y(t) − y(0) = py(0)·c

F
ln W (t)+c·px(t)

W (0)+c·px(0)
,

z(t) − z(0) = pz(0)·c
F

ln W (t)+c·px(t)
W (0)+c·px(0)

.

In numerical simulations a more convenient expressions were used for coordinates:

x(t) − x(0) = c2

F
(px(t)−px(0))·(px(t)+px(0))

W (t)+W (0)
,

y(t) − y(0) = py(0)·c

F
ln

[

1 + F ·(x(t)−x(0))+c·F ·t
W (0)+c·px(0)

]

,

z(t) − z(0) = pzy(0)·c

F
ln

[

1 + F ·(x(t)−x(0))+c·F ·t
W (0)+c·px(0)

]

.

As one would expect, the Townsend coefficient αi as a function of E/p (see Fig. 16)

after passes a maximum at E/p ≈ 200 V/(cm·torr) then sharply drops to an approxi-

mately constant value considering the restriction on an average velocity. This happens

at E/p ≈ 5 MV/(cm·torr) when ε* ≈ 0.5 MV and ux ≈ 2.3·1010 cm/s ∼ c.

3 Electrons runaway

3.1 Non-local criterion

3.1.1 Critical voltage

The Townsend ionization regime is attained at a certain distance from the cathode x ∼

α−1
i , which corresponds to the characteristic multiplication length. On the other hand, if

the interelectrode distance d < α−1
i , the electron multiplication pattern changes radically

(Fig. 17). A significant part of electrons accelerate continuously: with increasing distance

to the cathode x, both ux and ε* grow. At the same time, the electrons that reach an

anode have an energy distribution function with a peak at the maximum value of the

energy eU = eEd what can gain an electron on the path from the cathode to anode.

In refs [17, 8] as opposed to the usually accepted approach [6-8], it is offered to consider

that the escaping electrons begin to predominate in that case, when the distance between

electrodes d becomes comparable with the characteristic length of a multiplication α−1
i . If

αid < 1 escaping electrons predominate at a spectrum of the electrons that have reached

the anode. Accordingly, the non-local criterion defining the critical field strength Ecr has

the form:

αi(Ecr, p)d = 1. (11)

For flat electrodes Ecr = Ucr/d and it gives:

pd · ξ(Ecr/p) = 1 or pd · ξ(Ucr/pd) = 1. (12)

The last formula (12) gives the dependence of critical voltage Ucr(pd) on the inter-

electrode distance to pressure product pd (see Fig. 18, 19). The escape curve Ucr(pd)
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separates the area of an effective multiplication of electrons and the area in which the

electrons leave the discharge gap faster, before a multiplication occurs. This curve is the

characteristic of the given gas.

3.1.2 The lower and upper branch of an escape curve

The escape curve Ucr(pd) has a lower and an upper branches (see Fig. 18,19) and their

common boundary point is considered as a turn point, i.e. point of the curve with minimal

pd coordinate. This point corresponds to a maximum of the function ξ(x). Considering

pd as function of Ucr the a condition d(pd)/dU cr = 0 from expression (12) gives ξ′(x) = 0.

That corresponds to a maximum of dependence ξ(x). So, the boundary point corresponds

to the field strength E/p = (E/p)max, at which the Townsend coefficient αi/p = ξ(E/p)

is maximum.

The area above the upper branch of the Ucr(pd) corresponds to the electrons that

achieve a large energy during free run and escape a gap, having no time to produce new

electrons because of the small cross section of ionization at large energies. Therefore, the

area above the upper branch of the escape curve is naturally labelled the area of electron

runaway, and the upper branch – as the runaway curve.

In the area below the lower branch of the Ucr(pd) electrons have a rather small mean

energy, which is insufficient to ionize a gas atom. This area corresponds to the electrons

that drift from the cathode to the anode, not achieving an energy sufficient for an effective

multiplication. Therefore the area under the lower branch of the escape curve is naturally

named the area of a drift of electrons, and the branch – as the drift curve.

The results of simulations of escape curves for helium, xenon and nitrogen are pre-

sented in Fig. 19.

In the relativistic case, it is possible to distinguish three branches on the escape curve

Ucr(pd) (see Fig. 19). The two lower branches are similar to the branches of an escape

curve obtained for the nonrelativistic consideration. The third branch and the turn point

for pd tr ∼ 300 torr·cm emerges on the upper branch of a relativistic escape curve. This

additional branch is connected to the increase of the ionization cross section for high

energies due to the relativistic effects. Let’s mark that for pd > pd tr in contrast to the

nonrelativistic case, the multiplication of electrons happens for any high voltage on gap

exceeding threshold value determined by the low branch of the escape curve.

The escape curve defines qualitatively an area of the runaway electron existence. For

applications, however, more detailed information is required, particularly on the part of

electrons that become runaway electrons. Such data on the efficiency of the runaway

electron generation in helium, obtained in simulations, are presented in Fig. 20.

3.2 On the criterion of self-sustained discharge initiation

3.2.1 The upper branch of a curve of the self-sustained discharge ignition

The curve defining the criterion of a discharge ignition is usually found from the condition

that each electron ejected from the cathode should generate on its path such number of
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ions that more than one electron is generated by secondary electronic emission on the

cathode. Accordingly the voltage for a discharge ignition Ubr(pd) is determined by the

following criterion (see, for example [8]):

αi(E, p)d = ln(1 + 1/γ), or pd · ξ(Ubr/pd) = L, where L ≡ ln(1 + 1/γ). (13)

Here γ is the secondary electron emission coefficient. The escape curve and the ignition

curve are connected by the relation Ubr(pd) = L · Ucr(pd/L) (see Fig. 18).

Let’s point out that the fact of possible failure of burning of the gas discharge for high

voltages was indicated in ref [49].

The obtained dependence Ubr(pd) contains an essentially new information as compared

to the well-known Paschen curve of a discharge ignition. The Paschen curves usually have

a right-hand and left branches, which are directed from the minimum Ubr(pd) in the area

of the large and small values of pd. However, according to [17-25], the curve of ignition of

the self-sustained discharge should contain also the upper branch. This branch stipulated

by the falling of αiwith the encrease of E/p demarcates the area of discharge and the

area of e-beam.

3.2.2 Comparison with experiments under a low pressure

Let’s mark, however, that the curve of ignition Ubr(pd) is not as general as an escape

curve Ucr(pd). The escape curve Ucr(pd) is a property of a given gas, while the ignition

curve Ubr(pd) depends also on the conditions of the discharge ignition. In particular, the

left branch of a Paschen curve depends upon the properties of electrodes.

As it was already shown by Penning in 1932 [60], the Paschen curve for helium has

some loop with a turn point at (pd)min ≈ 1.5 torr·cm (see fig. 18ŕ). This experimental

value of the turn point (pd)min is in a good accord with result [17]. Penning has stated

the right supposition that the loop is connected to the falling of the cross section of

ionization. However this point of view has not met a broad support. Apparently, it is

connected (see, for example, [61]) to the fact that in other inert gases such loop is not

observed, though the falling of the ionization cross section takes place for all elements.

Except for helium, such loop was observed only for mercury vapors [62].

An absence of the loop in the ignition curves can be explained as follows. In the part

of a Paschen curve that lies near and to the left turn point (pd)min, other mechanisms of

discharge ignition, which depend only slightly on the electron multiplication in gas, take

place. These mechanisms mask the upper branch of ignition curve and correspondingly

the loop. It is also supported by the fact that the Paschen curves in this area depend not

only on the cathode material properties but also on the nature of the anode [61]. The

mechanisms of formation of the left part of Paschen curve in helium were investigated

in [63]. It was established that the ignition curve at pd ∼ (pd)min has a three-valued

character due to the competition of the various mechanisms of production of electrons

in the volume and on the electrodes: by Townsend ionization; by secondary electronic

emission from the cathode under effect of fast ions and fast atoms formed by charge

transfer; by scattering of electrons on the anode.
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The results of experiments with gases at atmospheric pressure are represented below.

A modern nanosecond technique gives the opportunity to go through the lower branch

of the Paschen curve and to appear near the runaway branch of the escape curve before

the discharge plasma completely short out an interelectrode gap [26-34]. The processes

involving a transport of heavy particles are not important in case of short voltage pulse.

4 Formation of an electron beam in dense gases

4.1 On mechanism of an electron beam formation under atmospheric

pressure

4.1.1 Formation of an electron beam in dense gases

The first communications on the detection of the X-ray emission from the impulse dis-

charge in a dense gas appeared in the late 1960s [64, 65]. Later on, the formation of

fast electrons and X-ray radiation in gas-filled diodes at high pressure was studied by a

number of scientific groups [6, 7]. However, the amplitudes of electron-beam current did

not exceed a few fractions of an ampere (109 electrons) in air at atmospheric pressure

and several tens of amperes (1012 electrons) in helium at low pressure of 22 Torr [6].

It was demonstrated in ref [26-33] that subnanosecond electron beams with current

amplitudes reaching tens and hundreds of amperes and energies up to several tens or

hundreds of keV can be obtained in gas diodes filled with helium, air, nitrogen, or CO2–

N2–He mixtures at atmospheric pressure. Voltage pulses with nanosecond fronts were

applied to create such beams.

Three moments are very interesting in these experimental results [26-33]. Firstly, the

maximum of the e-beam current takes place on the front of the applied voltage pulse (Fig.

21). When the voltage on the gas diode ceased to change significantly, the beam current

rapidly vanished.

Secondly, the peak value of the e-beam current as a function of the peak of the applied

voltage exhibits a maximum. The e-beam current vanishes, when the applied voltage is

sufficiently high (Fig. 22). So, as the electric field strength in the discharge gap grows,

the electron beam current in the gas-filled diode initially increases, reaches a maximum,

and begins to decrease.

Thirdly, though a bright plasma formations were observed near the cathode in the

regimes of e-beam generation, the discharge of a diffuse type was realized (Fig. 23). So,

a volume discharge of a diffuse type under nanosecond voltage pulses was observed at the

atmospheric pressure without using any sources of preionization [26-33].

4.1.2 Main idea of the interpretation

Our interpretation of the experiments [26-33] described in [26, 27] is based on a non-local

criterion (9) for the occurrence of a large amount of electrons leaving the volume without

multiplication [17-25] and on a mechanism suggested in [26, 27].
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Two phases can be distinguished in the mechanism of an electron beam formation

under atmospheric pressure. The first is a phase concerns the volume discharge formation

and the second phase deals with the immediate generation of an electron beam. In

general terms, the process can be described as follows. Plasma forms near the cathode

as early as soon as a voltage pulse front is created and during about one nanosecond it

bridges a discharge gap. Only the front of that plasma is a source of beam electrons.

When the cathode plasma comes nearer to the anode then the effective distance between

electrodes, the effective value of the pd for the discharge gap reduces. Consequently, the

gap parameters approach the runaway branch of the escape curve (see Section 2.3), even

if at the beginning of the plasma motion the parameters correspond to the area of the

Townsend electron multiplication.

For example, assuming the experimental conditions [26, 27] d = 28 mm, U = 200

kV at p = 1 atm it gives pd = 2·103 cm·Torr. The corresponding point (U , pd) is

depicted in Fig. 18 with a large circle. It is seen that the fulfillment of the runaway

criterion the value of pd should be lower by 30 times as compared with the experimental

value. Fulfillment of the runaway criterion may occur when plasma propagating from the

cathode has approached close to the anode. With U = 200 kV the runaway criterion is

satisfied for pd = 55 cm·Torr and it gives d = 0.7 mm. This point is indicated in Fig. 18

with a large square.

4.1.3 Fast electrons

Let’s consider the first phase of the beam generation, i.e. the mechanism of shaping of

plasma, which is coming nearer to the anode. As mentioned above, the nanosecond dis-

charge at atmospheric pressure looks rather diffuse on photos and it does not contain any

spark channels (see Fig. 23). Only near the cathode, there are small bright areas char-

acteristics of a plasma luminescence. As a rule, the volumetric discharge at atmospheric

pressure (even in a pulse mode) can be created only if an effective preionization was done

(at least, for electropositive gases). It is natural to assume that this preionization was

done by fast electrons.

Then, it is interesting to follow the evolution of the various parameters of an electronic

beam in area pd near the runaway curve. The range of values represented in Fig. 24

corresponds to the straight line in Fig. 18ŕ, connecting points marked by a circle and

square.

As expected, the share of fast electrons, as a function of pd, begins to sharply drop

(curve 1) when the parameters describing the electron escape quantity αid = pd ·ξ(U/pd)

becomes comparable to unity (curve 3). The sharp break of curves 1,2 corresponds to the

area near to the point pd ≈ 55 torr·cm, where pd ·ξ(U/pd) ≈ 1.

Let’s note that in the area of parameters, represented in a Fig. 24, the value of E/p

everywhere exceeds (E/p)max = 0.2 kV/(torr·cm), at which, according to the traditional

point of view, an overwhelming majority of electrons must be runaway electrons. However,

as it is clear from a Fig. 18, the runaway mode is realized only for rather small values

of pd. It demonstrates an essential difference of the criterion E/p = (E/p)max ∼ Ecr1/p
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and criterion αi(Ecr,p)d=1 discussed above.

Ruther unexpected is the fact that despite of a falling of a share of beam electrons at

Ucr(pd) >U , the corresponding current near the same point pd ≈ 55 torr·cm sharply grows

(curve 2). It is nevertheless explainable. The number of fast electrons should increase

with the number of ionization events. Of course, as pd increases the number of the low

energy electrons increases faster than the number of a runaway electrons. Therefore the

share of the runaway electrons drops. The growth of an electron beam current behind

the anode while increasing both p and d was observed experimentally [29].

In view of a multiplication, it is possible to expect that the runaway electrons produce

an essential preionization still for rather low values of voltage U<Ucr(pd). The non-

homogeneity of plasma can play an essential role in this case.

4.1.4 Concentration of a field

It is natural to connect the mechanism of shaping of plasma in volume between the

anode and cathode to the emerging of fast electrons, emitted from the mentioned above

small plasma ledges on the cathode. The fast kV electrons ensure the preionization of

gas between the cathode and anode. Therefore the nanosecond discharge at atmospheric

pressure is rather homogeneous. The appearance of fast electrons is associated with a

field concentration on tips of the conducting plasma ledges near the cathode

For the explanation, we shall consider the results of a known electrostatic problem on

a potential around a metallic needle, which sticks into the negatively charged plate of a

capacitor. The form of the needle is a half of the ellipsoid of revolution and the ellipsoid

axis is perpendicular to the plates of capacitor [66] (see Fig. 25a). The distribution of a

potential ϕ as:

ϕ(ξ, ζ) = −
U0

d
x(ξ, ζ)

{

1 −

(

ln

(

1 + ε

1 − ε

)

− 2ε

)−1

·

[

ln

(

√

1 + ξ/a2 + ε
√

1 − ξ/a2 − ε

)

−
2ε

√

1 + ξ/a2

]}

,

Here ξ and ζ are parabolic coordinates; U0 is the difference of potentials between the

flat electrodes (capacitor plates); x(ξ, ζ) = (a/ε)
√

(1 + ξ/a2)(1 + ζ/a2) is the coordinate

along an electric field direction; d is the distance between the capacitor plates; a and b

are the major and minor semi axis of the ellipsoid; ε =
√

1 − (b/a)2 is the eccentricity of

the ellipsoid. This solution is valid at d − a ≫ b.

Using this exact solution (see Fig. 25b), it is possible to drow the following conclusion.

The falling of a potential near to a needle tip happens on a distance equal to about one

radius of a curvature of the tip (∼ b). However, the magnitude of this falling is determined

not by the curvature of the tip but by the distance a from the cathode (negatively charged

plate) and the tip: ϕ(a + b) = −U0 · (a + b)/d.

If the radius of a curvature tends to zero, we shall obtain an infinite strength of the

field, but the magnitude of the jump of the potential will be limited ϕ(a) = −U0 · a/d.

Certainly, these general conclusions about the mean area for the falling of the field

and its magnitude are a property not specific to elliptic needle only, but to needles of any
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shape.

Let’s make some evaluations. On Fig. 23 one can see that the size of the bright areas

near the cathode is approximately 1 mm. Let’s consider that this ledge behaves as a good

conductor. We shall consider the conductivity of the plasma around a ledge is small. So

the distribution of the potential is close to the form considered above.

The electrons emitted by the ledge tip have an energy εe ≈ eU 0a/d at a distance

∼ (2÷3)b. After 0.5 - 1 ns from the beginning of the voltage pulse on gap (when peak

voltage is U0 ≈ 100 kV) the energy of fast electrons would be εe ∼ 1 - 4 keV. The run

length of these electrons is R ≈ (εe/εi)li ∼ 0.1÷1 cm when εe ∼ 1 - 4 keV and it increases

as the square of energy εe. Here εi = 46 eV is the energy expenditure for the act of

ionization (energy of creation of a pair of ions); li = 1/σiN ∼ 0.1 mm is the free path of

electron between two ionization events, σi(εe)is the cross section of ionization and N ≈

2.4·1019 cm−3 is the density of helium.

4.1.5 About the preionization by fast electrons

Let’s consider at a qualitative level the probable role of the injected fast electrons in

a formation of a wave of ionization. A fast electron injected in a gas is accelerated

continuously in a strong field. For example, according to a Fig. 1 a field strength 25

kV/cm is sufficient for continuous acceleration of an electron injected with an energy of

1 keV at atmospheric pressure. This value of field strength is less than the peak field

strength in experiments on the creation of electronic beams (see 3.1). So the fast electrons

produce a trace of born electrons in the gap. These secondary electrons initiate a number

of avalanches. For the spatial - temporary distribution of the electrons generated by a

fast electron, one has:

ne ∝ exp {νi · [t − τ(x)]} .

Here νi = αiud is the ionization rate in an avalanche, ud is the velocity of an avalanche

expansion; τ(x) is the time spent an electron moving from the cathode (x = 0) up to a

considered point x.

Neglecting the force of friction for fast electrons and considering that they move along

a field E, we obtain:

ne(νt, αix) ∝ exp
{

νt − b ·
(

√

(1 + aαix) − 1
)}

, νiτ(x) = b ·
(

√

(1 + aαix) − 1
)

Here a = 2 eE
me

1
αiv2

0

, b = me

eE
αiv0ud, v0 is the initial velocity of an injected electron.

4.2 Front of a background multiplication in an inhomogeneous field

4.2.1 The elementary model

Let’s consider more in details the mechanism of the expansion of the ionized gas cloud

stipulated by an exponential multiplication of a low-density background of electrons in

an inhomogeneous electrical field. In the location of space where the field strength is

larger, the multiplication goes faster quickly while in areas with small field strength it



594 A.N. Tkachev, S.I. Yakovlenko / Central European Journal of Physics 2(4) 2004 579–635

goes slower. The field is concentrated on a cathode spot. Therefore, near this sport the

multiplication is intense and the electron density grow quickly. With the growth of the

electron density the field screening takes place and the plasma boundary moves forward.

To explain the mechanism of a ionization wave we shall consider the elementary model.

We will neglect the drift of electrons and shall define the boundary between plasma and

gas as a surface at which the plasma density achieves some critical magnitude Ncr. Let’s

consider that this magnitude is sufficiently large to ensure the complete screening of the

field. Under these conditions the electron density at location r and at time moment t is

given by expression:

Ne(r, t) =











N0 exp [νi (E(r)) t] if N0 exp [νi (E(r)) t] < Ncr,

Ncr if N0 exp [νi (E(r)) t] > Ncr.
(14)

Here N0is the plasma density of the background. It is clear that within the above

framework the directions of the ionization propagation do not depend on the sign of the

field strength projection on the direction of the ionization propagation, as the ionization

frequency is defined by the module of the electrical field. Therefore, the non-photon

model of streamer propagation based on the equation (14) is offered in [67-69].

4.2.2 Velocity of front of a multiplication

The coordinates of a multiplication wavefront are determined by the locations where

the critical magnitude Ncr is achieved. Let’s consider the dependence on time of the

coordinate z(t) of wavefront points along the normal to the front. The dependence z(t)

is defined implicitly by expression:

νi(E0(z(t))) · t = Ln, Ln ≡ ln(Ncr/N0). (15)

Here E0 = E(z(0)) is the field strength on a wavefront surface. Generally speaking,

the magnitudes Ln, as well as Ncr depends on E0. However in view of the logarithmic

character we can neglect this dependence. By taking a derivative from expression (15),

we obtain [67-69]:

ufr =
dz

dt
= νi ·

[

(

d ln ν

d ln E
·

∣

∣

∣

∣

−∇E

E

∣

∣

∣

∣

)

E=E0

· Ln

]−1

. (16)

If we approximate the surface area near the wavefront by a sphere with a radius r0, we

obtain |−∇E/E|E=E0
= 2/r0. Accordingly we have:

ufr = νir0 ·

[

(

d ln ν

d ln E

)

E=E0

· 2 · Ln

]−1

. (17)

So, the velocity of ionization front is expressed through a function of E0/p, which is a

characteristic of the given gas:

ufr = νir0/ζ(E0/p), ζ(E0/p) = 2 · Ln ·

(

d ln (ude(E/p)ξ(E/p))

d ln(E/p)

)

E/p=E0/p

. (18)
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Here ude(E/p) is the electron drift velocity.

Let’s mark that, as it discussed above, the dependence νi(E/p) has a maximum for

the magnitude of strength E/p = (E/p)cr. It should have an influence on the ionization

front propagation discussed below.

4.2.3 Velocity of ionization propagation in He, Xe, N2 and SF6

Using the results discussed above for helium one has:

ξ(x) = 5.4 · (Torr)−1 · exp
(

− (14/x)1/2 − 1.5 · 10−3 · x
)

, ude = 106(cm/c) · x. (19)

Substituting (19) in (18), we have:

ufr = νir0/ζ(x), ζ(x) = 2 · Ln ·
(

1 + 1.87x−1/2 − 1.5 · 10−3
)

(20)

Here x = (E0/p)·(Torr·cm/V). For helium (E0/p)cr ≈ 720 V/(cm·Torr).

The following approximations can be used for the modeling of the velocity of ionization

front in xenon:

ξ(x) = 45 · (Torr)−1 · ud,e · exp
(

−31.1 · (1/x)1/2 − 1.7 · 10−4 · x
)

, (21)

ud,e =
1.3x + 1.3x6

1 + 7.31 · 1010x5.8
+ 1.3 · 105x exp

(

−
2.2

x

)

· (cm/c) (22)

For xenon (E0/p)cr ≈ 7 kV/(cm·Torr). The dependence of velocity of ionization front

in helium and in xenon on the field strength is illustrated on Fig. 26.

The formula (17) was checked by direct numerical simulation for a spherically sym-

metrical cloud with the front radius rfr. The electron density was calculated using the

formula (14) at various moments. These data were approximated by linear dependence,

which determined the front velocity. Some points obtained by such way are represented

on Fig. 26.

For the analysis of a velocity of the ionization front in N2 and in SF6 (see Fig. 27)

the above mentioned data for αi and ude were used. Nonmonotomic character of the

dependence of the velocity of the ionization front on the field strength in SF6 is connected

with the nonmonotomic derivative of the ionization frequency. It is due to the presence

of three threshold energies of ionization (about 20, 40 and 50 eV) in SF6.

4.2.4 About simulation of a wave of a multiplication

According to experimental data, the areas of ionization in the discharge gap looks like

”jets”. These ”jets” can be qualitatively described by a sector of a circle in cylindrical ge-

ometry. Therefore, the drift-diffusion one-dimensional model described in ref [70] was used

for revealing the mechanisms of a breakdown of interelectrode gap. This model describes

the development of ionization between coaxial cylindrical electrodes r0< r <r1, where r0

and r1 are the radiuses of accordingly internal and external electrodes respectively. The

processes of plasma formation and screening of an electrical field were described by the
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transport of the impulse equations and the continuity equations for electrons and ions

and also by the Poisson equation for an electrical field. The approximations obtained

in [34,35] were used for the ionization frequency, velocities of drift and coefficients of

diffusion.

The simulations have shown that in case of almost flat electrodes (d = r1 − r0 ≪ r1),

the propagation of a ionization wave is possible only for small voltages and accordingly

small Townsend coefficient αi when αi · d < 1. The ionization wave from the cathode to

the anode for almost flat electrodes initiates only when some area of redundant ionization

was set near to the cathode. The bright plasma formations at the cathode were really

observed (see Fig. 23). The condition of emerging of an ionization wave corresponds

to electrons that escape the discharge gap having not enough time to be multiplied. In

opposite case (αi · d ≫ 1) volumetric ionization happen faster than electrons drift, so the

ionization wave has no enough time to be shifted during ionization.

In case of electrodes with coaxial cylindric shape and small radius of the cathode

(d = r1 − r0 ≫ r0), the ionization wave is formed both for small and for large voltages. It

propagates not as the result of a drift of electrons but as the result of heterogeneity of the

electric field. In the space locations where the field is greater then ionization threshold it

goes more intensively. In these locations the plasma density grows up to values at which

the field is screened and the further growth of ionization stops.

The ionization wave in an inhomogeneous field is illustrated on Fig. 28. Let’s mark

that the increase of the electric field wave in the near cathode area precedes the increase

of the plasma density wave. A similar simulation was done for identical conditions except

the voltage value U(t) at instants t > 1 ns was twice greater. The outcomes qualitatively

coincide with what is on Fig. 28 for smaller voltages. Despite of the greater value of

voltage, the field strength in the near anode area at the moment when the ionization

wave approach the anode was not essentially increased. However, the propagation time

of the ionization wave up to the anode has decreased.

4.2.5 About the optimum peak voltage

The results of simulations allow the following interpretation of the mechanism of the beam

generation. As already mentioned above, we suppose that the beam electrons are formed

in a stratum near the anode with a thickness ∼ 1/αi. It happens when the ionization wave

approaches the anode and the field strength in this stratum is increased. However, when

the ionization wave meets the anode, the field strength in the near anode area sharply

drops though the voltage on electrodes does not vary. It is clear that the conditions of

beam generation in that time should be worsened.

The reasons of the decrease of the peak beam current as the voltage on electrodes

increases can be explain as follows (see fig. 21). It is necessary to apparently talk about

the decrease of the charge transferred by a beam rather then the decrease of the current.

In the discussed experiments the time resolution was about 0.3 ns. Therefore, even if

the beam current was large but the charge transferred by the beam was small in view of

small current duration it will be perceived as a decrease of a beam current in view of the
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limited time resolution. A decrease of the transferred charge with voltage is explained by

a decrease of the time needed by the ionization wave to travel through the area of the

electron beam generation in a stratum near the anode (∼ 1/αi). This fact is confirmed

qualitatively by the represented simulation results.

5 Conclusion

Thus, in this review, recent studies on discharge physics in gases at atmospheric pressure

related to generation of high-current electron beams are summarized.

On the base of a simple balance equation taking account the electron multiplication

it was shown that at large distances from the cathode the mean energy of electrons does

not depend on distance even at such high field strength so that the electrons friction on

gas may be neglected. Further, it was shown that the local criterion of runaway electrons

generation is invalid in a case of electrons multiplication.

For confirmation of this point of view, the results of numerical simulations on electrons

multiplication and transportation in helium and xenon are presented. It is shown that

the Townsend ionization mechanism (characterized by a constant velocity and electrons

energy in combination with the exponential increase of electrons number) is valid at

any field strength if the distance between electrodes considerably exceeds the length of

multiplication (Townsend inverse coefficient).

The non-local criterion of runaway electrons generation was considered. According

to this criterion the main share of the electrons, existing in the discharge gap, are the

runaway electrons if the distance between the electrodes is comparable to the Townsend

inverse coefficient. This criterion differs strongly from the conventionally accepted now

local criterion. In particular, this leads to an increase by several times in the value of the

parameter E/p, sufficient for the main part of electrons to escape.

The non-local criterion results in the dependence of critical voltage Ucr(pd) between

electrodes (at which the runaway electrons form the main part of electrons) on the product

of the interelectrode distance and the gas pressure pd. The curve Ucr(pd) is a property

of the gas and divides the area of effective multiplication of electrons and the area where

electrons escape the discharge gap without multiplication. The curve has an upper and

a lower branches. The upper branch characterizes runaway electrons, and the lower one

drifting escape of electrons. The minimum value of pd on the curve Ucr(pd) corresponds

to the maximum in the dependence of Townsend coefficient on E/p. Calculations of the

curves Ucr(pd) for helium, xenon and nitrogen were presented.

On the basis of calculated Ucr(pd) Paschen’s curves analogues Ubr(pd) characteriz-

ing the self-sustained discharge initiation were built. They differ from the conventional

Paschen’s curves by the presence of the upper branch. A developed system of representa-

tion was used to explain the experiments devoted to obtain high-current subnanosecond

runaway electrons.

At atmospheric pressure in gas-filled diodes the electron beams with the current of

tens – hundreds of amperes were obtained [26-33]. The experiments show that, in order
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to obtain the maximal beam current in a gas diode, it is necessary to have a volume

discharge, and the voltage rise on the gap should stop before the beam current achieves

the maximum value. The electron beam generated in a gas diode was used to initiate a

discharge in a CO2 laser at atmospheric pressure [71].

The given consideration shows that the basic pulse of an electron beam is formed at

an instant when the non-local criterion of electron runaway is satisfied. That happens

when the discharge plasma approaches the anode. A possibility of fast electrons emission

by the cathode plasma formations is discussed. The multiplication wave of inoculating

preionization of a discharge gap by the runaway electrons in a non-uniform electric field

originated from the cathode spots is also considered.

We suppose that subnanosecond electron beams formed in gas diodes will find wide

applications in various areas of physics and engineering.
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Fig. 1 Dependence of the ionization friction on electron energy attributed to an electron charge
for He under atmospheric pressure.
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Fig. 2 Dependence of cross-sections of electron – He atom collision on energy: curve 1 is the
cross-section of elastic collisions σel(ε); curve 2 is the ionization cross-section σi(ε); curve 3 is the
excitation cross-section 21P; curve 4 is the excitation cross-section 21S; curve 5 is the excitation
cross-section 23P; curve 6 is the excitation cross-section 23S (according to [17-19, 22, 24]).
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Fig. 3 Dependence of cross-sections of electron – Ne atom collisions on energy [25].
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Fig. 4 Dependence of cross-sections of electron – Xe atom collisions on energy. Solid curve is
ionization cross section; dashed - excitation of state 5p56s [3/2]1 (excitation threshold 8.437 eV);
cross buck is excitation state 5p56s′ [3/2]1 (excitation threshold 9.570 eV); chain line - elastic
collisions (according to [18,19,22].
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a)

b)

c)

Fig. 5 Dependence of cross-sections of electron – N2 molecule collision on energy (a) and energy
loss due to excitation of vibrations (b) and electronic states (c): curve 1 is the total cross-section;
curve 2 is the ionization cross-section; curve 3 is the cross-section of dissociative ionization;
curve 4 is the cross-section of excitation of electrons; curve 5 is the cross-section of excitation of
vibrations (according to [21, 22]).
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Fig. 6 Dependence of cross-sections of electron – SF6molecule collision (in cm2) on energy (ŕ)
and energy loss (in eV) due to excitation of electrons (b) and vibrations (c): σel is the cross-
section of elastic collisions; σatt is the cross-section of attachment; σvib is the cross-section of
excitation of vibrations; σex is the cross-section of excitation of electrons; σion1, σion2, σion3are
the ionization cross-sections (according to [34,35]).
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 Fig. 7 

a)

b)

c)

d)

e)

Fig. 7 Characteristics of electron multiplication in the Townsend regime as a function of the
distance to the cathode x (measured in cm) for helium using the following parameters: NHe

= 5.15·1017 cm−3 (p = 16 Torr), U = 36 kV, d = 15 mm, and E = U/d= 24 kV/cm (E/p
= 1500). (a) The amount of the generated ions ni (circles) and atoms excited to the 21P
(n2P , rhombuses) and 21S (n2S , squares) states; the dotted line corresponds to the dependence
40·exp(5.9x/cm). Correspondingly, αi = 5.9 cm−1 and αid ≈ 9. (b) The ratio of electron flux at
a particular point j(x) to electron flux from the cathode j0; the dotted line corresponds to the
dependence 1.7·exp(5.9x/cm). (c) The projection of the electron velocity onto axis x directed
along the electric field ux(circles) and the magnitude of the velocity u⊥in the plane perpendicular
to axis x (squares). (d) The average electron energy. (e) The energy distribution function of
electrons reached the anode. The solid curve corresponds to calculated results, and the dotted
line corresponds to the dependence 2·105·exp(-ε/4200 eV).
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a)

b)

c)

Fig. 8 Dependence of ionization and drift characteristics on the reduced field intensity E/p
for helium. Points were obtained for various values of the field strength, N = 3.22·1018 cm−3

(p = 100 Torr) except specified points (a) Values of the Townsend coefficient normalized to
pressure αi/p (black circles) and ionization frequencies νi/p ≡ uxαi/p (squares). The heavy
solid line corresponds to the approximation by Eq. (7), and the dash line corresponds to the
approximation by Eq. (6a). The straight crosses correspond to αi/p at p = 10 torr, and the skew
crosses correspond to αi/p at p = 1 Torr. (b) The average projection of the electron velocity onto
axis x directed along the electric field ux(circles) and the average magnitude of the velocity u⊥in
the plane perpendicular to axis x (squares). The dotted line corresponds to the dependence by
linear approximation ux = 106 (cm/s)·(E/p)·(torr·cm/V). (c) The average electron energy. The

dotted line corresponds to the dependence by approximation ε∗ = 5.5·exp

(

√

E
40p · cm·torr

V

)

·eV.
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Fig. 9 Dependence of the Townsend coefficient normalized to pressure αi/p on the reduced field
intensity E/p for xenon. The black circles are the simulation results, the dotted line corresponds
to Eq. (6a) and the heavy solid line to the approximation by Eq. (7).
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a)

b)

c)

Fig. 10 Dependence of ionization and drift characteristics on the reduced field intensity E/p
for nitrogen. Points were obtained for N = 3.22·1018 cm−3 (p = 100 Torr). (a) Values of the
Townsend coefficient normalized to pressure αi/p (circles) obtained by simulations at various
values of the field strength. The heavy solid line corresponds to the approximation by Eq. (10),
and the dot line corresponds to the simulations [51]. (b) The average projection of the electron
velocity onto axis x directed along the electric field ux(circles). The dotted line corresponds to
the simulation [51]. (c) The average electron energy.
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a)

b)

c)

Fig. 11 Dependence of ionization and drift characteristics on the reduced field intensity E/p
(in V/(cm·torr)) for SF6. Points were obtained for p = 100 Torr: a) Values of the Townsend
coefficient normalized to pressure αi/p (solid curve) and ionization frequencies νi/p ≡ uxαi/p
(dashed curve); b) The average projection of the electron velocity onto axis x directed along the
electric field ux(circles) and the average magnitude of the velocity u⊥in the plane perpendicular
to axis x (squares); c) The average electron energy.
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c)

d)

Fig. 12 Characteristics of electron loss as a function of the distance to the cathode x (measured
in cm) for SF6 in the attachment regime at the following parameters: N = 3.22·1018 cm−3 (p =
100 Torr), U = 2.4 kV, d = 3 mm, (E/p = 80 V/(cm·Torr)): a) The number of the generated
ions ni (circles), the events of exciting electronic states (skew crosses), the events of exciting
vibration states (strait crosses) states; the events of electron attaching (squares), the dotted line
corresponds to the dependence 104·exp(-45x/cm). b) The ratio of electron flux at a particular
point j(x) to electron flux from the cathode j0; the dotted line corresponds to the dependence
0.6·exp(-45x/cm); c) The projection of the electron velocity onto axis x directed along the
electric field ux(circles) and the magnitude of the velocity u⊥in the plane perpendicular to axis
x (squares); d) The average electron energy.
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Fig. 13 Dependence of the Townsend coefficient for SF6 in transitional region of E/p.
Circles results from calculations and dashed curve corresponds to the linear dependence
2.87·10−2(E·Torr·cm/(p·V))–2.7.
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Fig. 14(a) Dependence of relative efficiency of various inelastic events on the reduced field
intensity E/p for helium.
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Fig. 14(b) Dependence of relative efficiency of various inelastic events on the reduced field
intensity E/p for neon.
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Fig. 14(c) Dependence of relative efficiency of various inelastic events on the reduced field
intensity E/p for SF6.
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Fig. 15 Dependence of cross section of ionization of helium atom on energy of incident electron.
The solid curve is the section used in ref [24]; the dotted line is the section used in ref [17].
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a)

b)

c)

Fig. 16 Dependence of ionization and drift characteristics on the reduced field intensity E/p
for various gases. The relativistic effects are taken into account for helium: a) Values of the
Townsend coefficient normalized to pressure αi/p; b) The average projection of the electron
velocity onto axis x directed along the electric field ux; c) The average electron energy.
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a)

b)

c)

d)

e)

Fig. 17 Ionization by runaway electrons. The same as in Fig. 7 for the identical values E/p =
1500 and p = 16 Torr, but using U = 2.4 kV and d = 1 mm. Correspondingly, αid ≈ 0.6. Such
parameters are characteristic for open discharges.
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Fig. 18(a) Curve characterizing the criterion for electron runaway Ucr(pd) (heavy solid curve),
curve Ubr(pd) (thin solid) characterizing the criterion for discharge ignition obtained on the
basis of Eq. (12) for helium. The inner region of the thin solid curve corresponds to a self-
sustained discharge. In the outer regions with respect to the heavy solid curve, electrons escape
the discharge gap having no time to multiply. The white circles correspond to experimental
data from [60] and the black circles correspond to experimental data from [61]. Dotted line
corresponds to experimental data from reference [8].L = ln(1+1/γ) = 2.45. The large circle
corresponds to the maximal value of a voltage in experiments [26] at atmospheric pressure and
to distance between electrodesd = 28 mm. The large square corresponds to a “cathode plasma”
approaching anode at a distanced = 0.7 mm.
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Fig. 18(b) Curve characterizing the criterion for electron runaway Ucr(pd) (heavy solid curve),
curve Ubr(pd) (thin solid) characterizing the criterion for discharge ignition obtained on the basis
of Eq. (12) for neon. The inner region of the thin solid curve corresponds to a self-sustained
discharge. In the outer regions with respect to the heavy solid curve, electrons escape the
discharge gap having no time to multiply. The curve Ubr(pd) was plotted usingL = 3, γ = 0.05.
Dotted line corresponds to experimental data from reference [8].
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Fig. 18(c) Curve characterizing the criterion for electron runaway Ucr(pd) (heavy solid curve),
curve Ubr(pd) (thin solid) characterizing the criterion for discharge ignition obtained on the
basis of Eq. (12) for xenon. The inner region of the thin solid curve corresponds to a self-
sustained discharge. In the outer regions with respect to the heavy solid curve, electrons escape
the discharge gap having no time to multiply. The black circles correspond to experimental data
[61].
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Fig. 18(d) Curve characterizing the criterion for electron runaway Ucr(pd) (heavy solid curve),
curve Ubr(pd) (thin solid) characterizing the criterion for discharge ignition obtained on the
basis of Eq. (12) for nitrogen (d). The inner region of the thin solid curve corresponds to a
self-sustained discharge. In the outer regions with respect to the heavy solid curve, electrons
escape the discharge gap having no time to multiply. The curve Ubr(pd) was plotted using
L = ln(1+1/γ) = 4.0. Dotted line corresponds to experimental data from reference [8]. The
dot-and-dash curve corresponds to calculated data from [21, 22].
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Fig. 19 The universal escape curves Ucr(pd) for He, Ne, Xe, N2 and SF6 [17-24].
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Fig. 20 Contour map of the runaway electron generation efficiency. Curves 1, 2 and 3 correspond
to an efficiency of the runaway electron generation equal to 50%, 20% and 80% respectively.
Curve 4 – the escape curve αid =1. The efficiency was defined as the percentage of electrons
that arrive to the anode with energies ε, exceeding two third of the maximal acquired energy, ε
> 2eU /3.
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Fig. 21 Oscilloscope traces of voltage pulses (1) and electron beam current (2) in a gas diode
filled in with air at 1 atm [26]. Voltage scaling 45 kV/check, current 20 A/check and time 1
ns/check. This figure demonstrates that the maximum of the e-beam current takes place on the
front of the applied voltage pulse.
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Fig. 22 Dependence of e-beam current (1), gap voltage (2) and discharge current (3) on no-
operation voltage of generator 2 [26]. The e-beam current was measured behind AlBe foil of 40
µm thickness. These figure demonstrates that e-beam current as a function of the peak of the
applied voltage exhibits a maximum.
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a) b)

Fig. 23 Photograph of a discharge glow in a gap while shooting from an end (a) and on the
angle (b). Screen opening was 1 mm [26].
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Fig. 24 Dependence of current characteristics on pd (in torr·cm). Curve 1 corresponds to the
beam electrons η (in %) in relation to full number of electrons arriving to the anode; curve
2 corresponds to the current of escaping electrons, generated by one electron ηj/j0 (j0 is the
current from the cathode,j is the current on the anode). d = 16 mm,U = 200 kV;E = 200 kV/16
mm = 125 kV/cm. Dependence of the escape parameter αi(125kV/cm,p)d corresponds to curve
3. For convenience the dependence of parameterE/p on pd is given: 125kV/(cmp) corresponds
to the straight line 4. Electrons with energy ε > 2eU /3 are considered as beam electrons.



632 A.N. Tkachev, S.I. Yakovlenko / Central European Journal of Physics 2(4) 2004 579–635

x

a

d

cathode

j = 0

anode

j = - U0

2b

plasma

j = 0

electron

acceleration

area

emitted

electron

trajectory

a)

b)

Fig. 25 Problem geometry (a) and potential distribution along ellipsoid longer axis x (b), and
counted off the cathode surface using d = 28 mm, = 1 mm,b = 0.5 mm.
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Fig. 26 Dependence of the velocity (cm/s) of ionization front |ufr| (solid curves) and drift
velocity ud,e (dashed curves) versus assigned strength of an electric field on plasma surface E0/p
(in V/(Torr·cm)) for He and Xe [67-69]. Calculation is made according to formulas (19) - (22).
Slanting crosses designate the results of simulation on the basis of model (14) (see text).Ncr=
1014 cm−3; N0= 10 cm−3; r0 = 0.5 mm; p = 1 atm. Curves 1 – for He; 2 – for Xe. For the
whole range of parameters αi · r0 > 10.
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a) b)

Fig. 27 Dependence of velocity module (cm/s) of ionization front |ufr| (solid curves), drift
velocity ud,e (dashed curves) and ionization frequency (1/s) versus assigned strength of an electric
field on plasma surface E0/p (in V/(Torr·cm)) for N2 (a) and SF6(b). Ncr= 1014 cm−3; N0= 10
cm−3; r0 = 0.5 mm; p = 1 atm.
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Fig. 28 The radial distribution of electron density (a) and electric field strength (b) at different
instants, as the ionization wave approaches the anode [32]. The curves 1 to 3 correspond to
the instants t = 1.3 ns; t = 1.4 ns and t = 1.5 ns respectively. Curve 4 corresponds to field
distribution in an empty space E(r) = −U

ln(r0/r1)
· 1

r at U = 100 kV, r0= 0,25 mm, r1= 8 mm.

Temporal dependence of assigned voltage on electrodes on U(t) corresponds to that shown in
Fig. 21.


