CONDUCTION AND BREAKDOWN IN GASES
BASIC STRUCTURE AND CHARACTERISTICS OF GASES

During breakdown in gases, electrons and ions are acceler-
ated to such a high energy level by the applied electric field
that additional charged particles are produced by ionization
processes. To understand these processes some knowledge
about the movement of gas molecules is a prerequisite.

Velocity of Gas Molecules

In an ideal atomic or molecular gas, the velocity distribution
of particles is described by the Boltzmann—Maxwell distribu-
tion (Fig. 1). The gas atoms or molecules are assumed to be-
have like elastic balls moving linearly with constant velocity
until a collision occurs with the wall or another particle. The
energy of the moving particles is so low that no excitation or
ionization occurs.

The Boltzmann—Maxwell distribution is described by the
following expression:

<t = G () o[-

CONDUCTION AND BREAKDOWN IN GASES 123

0.9 | |

I

0.8

3

0.7 - -
0.6 [~ -]
0.5 -]

H(v/v,,)

0.4 |
03[ =
02 |
0.1 —

0 | | | |
0 0.5 1 1.5 2 2.5 3

vlv,,

Figure 1. Boltzmann—Maxwell velocity distribution.

N(v) is the number of particles with the velocity v, N the total
number of particles and v,, the velocity with the highest prob-
ability. Because of the nonsymmetrical distribution, the mean
value of the velocity v,, is higher than v,,. For the same reason,
the effective velocity vy, which is relevant for energy calcula-
tions, is higher than v,,.

By integrating Eq. (1), we obtain

Um=0U= %vwz 1.128 vy (2)
— 3
Vopr = Vo2 = va —1.224v,, 3)

Because of the energy exchange by collision, the mean kinetic
energy of all particles irrespective of their mass is identical.
It is assumed that no additional energy is transferred to the
elastic balls of the model gas. Then the mean kinetic energy
of each particle with mass m is 0.5k - T for each possible di-
rection of movement. The mean total energy of a particle is
given by

3 1
Wiin = ST = Emugﬁ (4)
where the Boltzmann constant 2 = 1.38-102 J/K and T is
the absolute temperature. From Eqgs. (2)—(4), the parameters

of the velocity distribution can be calculated:

|3RT
m

Ueff =
oy = 1/ 2L (5)
m
8kT
Um =1\ —
mm

The calculated mean values of the velocity v,, for different
gases at T' = 273.15 K (0°C) are listed in Table 1 (1). This
velocity distribution also applies to the electrons in the gas.
Therefore the relevant mass has to be taken into account,
which for electrons is

me=9.1-10"31kg (6)
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Table 1. Relative Mass and Mean Velocity v,, of Molecules in
Different Gases at 0°C*

Relative Mass

Gas of Molecules Um, MM/ us
N, 28 0.45
0O, 32 0.42
H, 2 1.70
CO, 44 0.36
SF; 146 0.20
Electrons 1/1840 100
“Ref. 1.
For atoms or molecules, the proton mass m,

m, = 1840m, = 1.67- 102" kg (7

has to be multiplied by the relative atomic or molecular mass.

During a time interval of technical relevance, which is typ-
ically 1 us, the thermal movement of gas molecules at 0°C is
on the order of 1 mm and of electrons approximately 100 mm.
However this is not a linear movement, but a stochastic move-
ment due to the large number of collisions.

General Gas Law

As for any gas, the mean molecular energy depends only on
the temperature. The pressure is the same provided that the
particle density is equal. Therefore the pressure p on the
walls of an enclosure is proportional to the particle density
and the mean energy per particle for example, the tempera-
ture T. This can be derived from Fig. 2. In the volume ele-
ment dx dy dz at the wall of an enclosure on an area dy dz
the particles hit the wall and are reflected elastically. Only
the vertical components of the forces or impulses are relevant
for the pressure. During an elastic reflection the following im-
pulse difference occurs:

AF dt = 2m|vy| (8

which is absorbed by the wall. With dx/d¢ = v,, the force of
an impact is given by

02
AFy,=2m d_jc 9
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Figure 2. Outside wall of an enclosure with gas molecules and adja-
cent volume element.

Because the velocity distribution is equal in all directions,
only 50% of the total number of particles dx dy dz N/V in the
volume element have a positive velocity v. These contribute
to the impact at the wall element dy dz. The mean force of all
impacts is given by

szégdxdydz2m% (10)
and the mean pressure
The effective velocity
V2 =0" =0, 40+, (12)
is the result of equal distribution of the components:
Uy=U,=0,= vig=230} (13)

The mean pressure p caused by many impacts corresponds to
the pressure p at the walls:

1IN
P =3 7 Merr (14)
From Eq. (5) we obtain the general gas law:
pV =NkT = p =nkT
where
N
== 15
n=3 (15)

The relative molecular (or atomic) mass of a gas g in grams
is a mole. For any ideal gas, a mole contains the same number
of particles N,, which is called Avogadro’s number. This is
calculated from the proton mass m, [Eq. (7)]. A proton has a
relative atomic mass of 1.008.

1.008g 6.02 1023molecules

Na = mol

(16)

my

At 0°C and 1 bar pressure the volume of a mole of any ideal
gas is 22.7 liters.

Mean Free Path

In ideal gases, between successive impacts the particles travel
the free path A, which has a statistical spread around the
mean free path A,. This is a very important characteristic for
the interaction of charged particles (ions or electrons) with
neutral atoms or molecules of the gas. The charged particles
receive a certain energy from an applied electric field, which
in part is transferred by impact to the molecules and atoms of
the gas. Such impact processes produce ionization and carrier
multiplication, which may induce breakdown. These pro-
cesses occur only if the energy of the particles exceeds cer-
tain limits.
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Figure 3. Model for the free path and the collision cross section.

Because of an applied electric field, a directed field-induced
movement of the charged particles is superimposed on the un-
directed thermal movement. Figure 3 shows the path of a par-
ticle A with radius r, through the gas consisting of particles
B with radius rg. If particles B do not move, a collision be-
tween particles A and B is possible within the shaded area
ag:

aszn(rA—l—rB)2 amn
called the collision cross section. The probability of a collision
between particles A and B on their zigzag path ds through
the gas is given by
dw = ngasds (18)
where ny is the concentration of molecules of gas B. Because
the mean free path is A, the probability of a collision on the
path ds is expressed by

_ds

dw=—
Am

(19)
Combining Eqgs. (18) and (19), the mean free path is given by

1
Am =
npas

(20)

and is a function of the gas density ny and the collision cross
section a, of the particles. It is assumed that only few parti-
cles A are within gas B, so that the total number of particles
n is approximately ng. From Eq. (15) we obtain

as p
The mean free path depends on gas temperature, gas pres-
sure, and the collision cross section. For collisions of electrons
with gas molecules which are nearly stationary with ry < rg,
the mean free path of the electrons is given by

1 kT
Ame N — —

2
JTV‘B p

(22)

For collisions of ions with gas molecules with rg =~ r,, the
mean free path of the ions is given by

1 kT

LA 23
™ d4nr? p (23)

For purely thermal motion of particles with similar molecular
mass and size (rg = r,), Eq. (23) may also be applied. How-
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ever, statistically the velocity vectors of the colliding particles
are orthogonal to each other, which reduces the mean free
path of the gas molecules by the factor V2 (2).

1 kT

N— (24)
4\/§nr% p

Amg

By comparing Eqgs. (22)—(24) it is evident that the mean free
path of electrons in a gas is significantly larger than that of
the gas molecules:

Ame & 4h i ~ 4y 20hmg (25)
Table 2 gives the mean free path for gas molecules and elec-
trons for different gases (1). With the mean velocity v, (Table
1) and the mean free path A, (Table 2), the mean transit time

Tn between collisions and the collision frequency f,, is given
by

1 Am
Tm v, (26)
The ideal gas model with spherical molecules and ions and
point electrons undergoing elastic collisions is an approxima-
tion. Electric forces are effective at some distance between the
charged particles. Therefore the real collision cross sections
are larger than the area of the gas model. For high energy,
excitation and ionization have to be taken into account, which
greatly influence the energy transfer and the cross section.

This can be seen from Fig. 4, where measurements of cross
sections for electrons are plotted (2). The energy is given in
eV, which is the amount of energy transferred to an electron
if it passes a potential of 1 V within an electric field. Given
the electron charge of e = 1.6 X 10°¥ C, this energy is 1
eV =1.6 X 10719 J.

In a model gas with elastic collisions, the distribution of
the free path can be calculated. N (x) is the number of charged
particles which have traveled a path of length x without col-
liding with a gas molecule. Their free path is equal or greater
than x. These charged particles enter a gas element of thick-
ness dx at point x. The number of charged particles N,(x),
which until now did not collide changes within this element
by dN,, and will have a collision now. According to the proba-
bility for a collision dw and with Eq. (19) for ds = dx,

dNAx = _NAx dw = _NAx d_x 27)
Am
N,, =N, exp (—%) (28)
m

Table 2. Mean Free Path A, for Gas Molecules and A, for
Electrons for Different Gases at 0°C and 1 Bar*

Gas Amg in um Ame 1IN um
H, 0.11 0.63
N, 0.058 0.33
0O, 0.064 0.36
CO, 0.039 0.22
SF 0.025 0.13

“ Ref. 1.



126 CONDUCTION AND BREAKDOWN IN GASES
30
1 0—12 12 _
cm -16
‘10
20 - — cm?2
8l _
N
» 10 /\2 » N2
3 0 02 \ 3 4l |
Ho Ho
0 | | | | | 0 |
0 1 4 10 25 50 eV 100 100 200 300eV 400

w ——»

w —>

Figure 4. Collision cross section a; for slow electrons in different gases (2).

The cumulative probability P for a free path A equal to or
greater than x is given by

(29)

N x
P, = AX — exp (——)
m ™ Nyo Am

P is the fraction of particles with a free path A equal to or
greater than x (Fig. 5). For one carrier (N,(0) = 1), P is the
probability that the free path is equal to or greater than x.
37% of all particles have a free path equal or greater than
An (x = Ap), and 0.0045% have a free path equal or greater
than 10A, (x = 10A,).

Movement of Charged Particles

Charged particles in a gas are ions and electrons. Ions are
generated from neutral molecules or atoms by detachment or
attachment of electrons. Therefore ions have a positive or neg-
ative charge equal to the corresponding sum of the electron
charges. The ion mass is normally equal to that of the mole-
cules or atoms from which they have been generated, because
the electron mass [Eq. (6)] is negligible.

As the charged particles in the gas are slowed down by
collisions with the molecules, a limited velocity is reached
based on the applied field. Actually the particles move on a
zigzag course, but effectively they are accelerated on their
mean free path in the direction or opposite to direction of the
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Figure 5. Probability for a free path A = x.

electric field. The mean directed drift velocity vg is given by

vg = bE (30)
where the mobility of the particles is b. Collisions between
the charged particles can be neglected, because during the
prebreakdown phenomena in gases, the density of the
charged particles is negligible compared with the molecular
density.

The energy AW which is transferred by a collision of two
particles can be estimated from the following model. It is as-
sumed that no excitation or ionization occurs during the colli-
sion. This means that the structure of the particles and their
potential energy is unchanged, and they can be simulated by
elastic balls.

If a center-of-mass collision is assumed, from the energy
and impulse laws the energy AW (3), which is transferred
from particle 1 with mass m; and kinetic energy W to a sta-
tionary particle 2 with mass m, is given by

AW mqm
T =412 (31)

w (mq + my)?
If all possible directions with their statistical distribution are
taken into account (3),

AW
A S W Lo UL T (32)
w (mq + my)?
During the collision of an electron with a molecule (m; =
m. < my) only the small fraction &,
Se=27 «1 (33)
mgy

of the electron energy is transferred to the gas molecule.
Therefore the mobility b, of the electrons is very high [Eq.
(30)] and many collisions have to occur, until the energy ac-
cepted from the electric field is transferred to the gas mole-
cules. For this reason electrons in an electric field have a
much higher kinetic energy than the gas molecules.

During the collision of ions with gas molecules (m; = m,),
according to Eq. (32) a large fraction & of the energy of the
ion is transferred to the gas molecule:

1
o ==

5 (34)



After a few collisions, the energy of the ions which was ac-
cepted from the electric field has been transferred to the gas
molecules. Therefore the kinetic energy of the ions is only
slightly higher than that of the neutral gas molecules and
their mobility b; is comparatively low.

To calculate the mobility, consider a charged particle with
the mass m and charge ¢ within a molecular gas. Because of
the force gE of the electric field E, the charged particle will
receive a mean directed velocity increase during the mean
transit time 7, between two collisions given by

TmE (35)

DNO| =
e

UE=

The total velocity v is obtained together with the initial speed
after the preceding collision. With the mean free path A, the
mean transit time 7, is given by

T = — (36)
Um

The probability of every direction of the velocity vector after
each collision is identical. In that case the mean directed ve-
locity increase vy according to Eq. (35) is identical to the mean
directed drift velocity caused by the electric field. Additionally
it is assumed that the mean velocity increase vy on the free
path is small compared with the mean total velocity v,,. It can
also be assumed that the total velocity on the free path is
approximately constant and the total velocity v of the particle
before the next collision is also equal to v,,.

The corresponding total velocity of the field-induced veloc-
ity component before a collision caused by the linearly accel-
erated movement is 2vgz. The energy balance for the collision
is given by

%m(ZuE)z—f—(Sng:(Slmv?ﬂ (37)

2

During the mean transit time, the mean energy 0.5m(2vg)* is
accepted by a charged particle from the electric field. During
the following collision with a gas molecule, the mean energy
1.56kT is accepted from the thermal energy [Eq. (4)] of the
gas molecules with gas temperature 7. From the total energy
0.5mv? of the charged particle the mean fraction 50.5muv? is
transferred to the gas molecules during collisions. Equation
(37) is based on the fact that the final velocity v, is reached
when the mean accepted energy is equal to the mean trans-
ferred energy. Without an electric field the same result as in
Eq. (4) must be obtained:

1 3

5 mv? = 5 kT (38)
As only a single charged particle is considered and the veloc-
ity change on the free path is negligible, v, is equal to v..

From Egs. (35)-(37), the total directed drift velocity vg is cal-

culated:
s kT 1 /2gEim\>
2 _ 9 - m _
ET 4 om [\/1+5( 3kT> 1}

Two different cases are considered.

(39)
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CASE 1
3
qEim < 5 kT Vs
or with Eq. (21)
E
; <« const 3 (40)

In this case, the energy accepted on the free path from the
electric field is much smaller than the energy transferred by
collisions. As for electrons, according to Eq. (33) 8, < 1. This
condition is fulfilled only for very small values of the reduced
field E/p = 5 V/em. For ions according to Eq. (34) & = 0.5.
This condition is fulfilled for normal field stress. Then Eq. (39)
is approximated by:

vg = %712 (41)

According to Eq. (30) the mobility b is not dependent on the
electric field:

= const. (42)

Equation (41) can also be obtained from a simpler model.
Therefore it is assumed that thermal movement is nearly un-
distorted by the electric field. In that case the mean transit
time 7, = An/Un, and the mean field-induced drift velocity is
given by

>

<
5 |2

Vg = E (43)

DNO| =
REES

With Eq. (38) we obtain Eq. (41). The mobility of some singly
charged ions is shown in Table 3 (1).

CASE 2
3
qEim > 5 kT NG
or with Eq. (21)

E
; > const /8 (44)

For electrons (5, < 1) this condition is met for fields which
are usual in the field of gaseous dielectrics. For ions (5; = 0.5)

Table 3. Mobility of Positive and Negative Ions at 1 Bar and
20°C for Very Low Electric Fields®

Gas b+, cm?/Vs b—, cm?/Vs
H, 6.7 7.9

N, 1.6 —

0, 1.4 1.8
CO, 1.1 1.3
SF 0.8 0.8

@ Ref. 1.
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Figure 6. (a) Electron mobility in N, at 1 bar and 20°C (4). (b) Ion mobility in Ar at 1 bar and

20°C (4).

this condition is met at very high related fields E/p, which
occur only at very low gas pressure. Then Eq. (39) is approxi-
mated by

1 8QAm
Vg = = ML (45)
2 m
According to Eq. (30), the mobility
1 [Voghm 1 1
b=< —— = const — (46)
2 m JE vE

decreases with increasing field.

Equation (46) is also obtained by an energy consideration.
In this case the thermal energy may be neglected. It is as-
sumed that during each collision the fraction §0.5mv? of the
energy of the charged particle is transferred. The direction
of the velocity vector is distributed equally. The mean total
velocity vy is reached when the energy being accepted be-
tween two collisions from the field 0.5m(2vg)? is equal to the
energy being transferred by the collision:

%m(2vE)2 = S%mvlzn (47)
Combining Eqgs. (35) and (36) we obtain Eq. (46). In Fig. 6
examples for the electron and ion mobility (positive) are
shown (4). For electrons the mobility is high and constant
only for very low fields. For ions this range is extended to
much higher fields (Case 1). For very high fields the ion mo-
bility is also decreased (Case 2).

The calculation is based on a very simple model. More pre-
cise results are obtained if the velocity and the mobility ac-
cording to Eqgs. (39), (41), (42), (45), and (46) are multiplied
by a correction factor a. For electrons this factor ¢ = 0.7 and
for ions a =~ 1.15.

For further application it is useful to note some specific
facts and data. Heavy ions have a low but constant mobility.
Light weight electrons have a very high mobility, which de-
pends on the electric field. For air at 1 bar, 0°C, and in a
breakdown field of approximately 30 kV/cm, the following

1.4
cm/s
V/cm
1.2 |- —
1.0 - —
<
0.8 —
0.6 - —
0 | | | | |
0 10 20 30 40 50 60
E V/cm
(b)
data are obtained:
2
cm
belectron = be ~ 500 Vs
, (48)
_ cm
bionzbl+ %bl ~ (12)W
mm
UE(electron) ~ 150 us

(49)
mm
VEon) ~ (0.3---0.6) s

For many calculations, especially for a short time stress with
an impulse voltage, the ions can be approximately assumed
as stationary. In SF, the mobility of ions of both polarities is
approximately 0.7 e¢cm?/Vs and for electrons it is approxi-
mately 150 cm?/Vs.

The movement of the charged particles and the current
flow can be calculated from the mobility . In addition for
processes in gas discharges the energy of the charged parti-
cles is also of great interest. The final energy W of a charged
particle is reached when the following energy balance is
reached. On the mean free path A, from the electric field E
the energy gEA\, is accepted, and it must be equal to that
energy oW, which is transferred by the following collision:

Am

Accordingly, an effective mean free path A} can be defined as

* )‘«m
which in the case of electrons (8, < 1) is much higher than
the true mean free path between successive collisions.

IONIZATION, EXCITATION, AND ATTACHMENT

In gas discharges, only charged particles are affected by the
electric field. Therefore either charged particles must be
available in the gas volume before application of the electric



field or they must be injected from outside, for instance, from
electrodes. Usually only a few charged particles are available,
and conduction is obtained only by multiplication of the
charged particles.

In a gas volume, charged particles can be generated by
electron detachment from neutral molecules. On solid sur-
faces, electrons may be released from the surface. Therefore
volume ionization and surface ionization must be distin-
guished.

Energy Levels

To explain ionization processes, a simple model is presented.
An atom with atomic number z has z charges in the core and
z electrons with negative charge e = —1.6 X 10°* C, which
move on circular paths on the different levels K, L, M, . . .
(Fig. 7). Those paths are determined by the balance between
coulombic force F; and centrifugal force F:

e(ze) (52)

F, = =F =
Te 17 4yreyr?

where the electron mass is m., the electron velocity v., and
the electric field constant €,. The coulombic force of the other
electrons is neglected.
The rotational momentum P, of an electron is given by
P, = mevere (53)
From quantum theory only discrete values of the energy and
of the rotational momentum are possible which are given by

h
P.=n_— n=12 3,...

o (54)

Therefore

h=6.625x 107%4Js = 4.135 x 107 1%eVs

(55)

Figure 7. Atomic model: core diameter =107 m; diameter of the
outer path =107 m.
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is Planck’s constant. From Eqgs. (562)-(54)), the radius r,, of
the nth discrete electron path is given by

1 hZ 2 2
0L —0520% x10’m
T mee? z z

(56)

Ten =

The energy of electrons on different levels is decisive for ion-
ization processes. The total electron energy consists of the ki-
netic energy Wy, which is determined by the mass, and the
potential energy E,:, which is determined by the charge.
From

Wkin = 5 meU, (57)
and Eq. (562) we obtain
1 e’z
Wiin = 8req 7o (58)

The potential energy of an electron due to the charge of the
core is given by

1 e2z

Wot=

\ (59)

- = 2W,.
4mey 1o kin

If the electron is released from the atom (r, — =), its potential
energy is zero. The total binding energy of an electron is given
by

1 1 e%z

Wtot = Wkin + Wpot = 5 Wput =

(60)

8mey re

According to Eq. (56), the binding energy of an electron on
the nth level is given by

2
W, = —13.61 % eV =W, (61)
Because this energy is required to release electrons from the
atom, it is called ionization energy Wi. If an electron is col-
lected by such a positive ion, the ionization energy is released
by recombination radiation.

Before an electron is released by ionization, it can be
moved by a lower amount of energy from a lower level (inner
circle) to a higher level (outer circle). This process is called
excitation. When the electron returns to the original level, the
same energy is released by radiation. Normally electrons
move on the inner levels. Therefore each level contains a max-
imum number of electrons. The excitation energy W, between
the »th level and the uth level, according to Eq. (61) is given
by

W, = 13.612> (i - i) eV (62)

2 2

When electrons return from the excited state to the basic
state, the excitation energy W, is released, and the corre-
sponding radiation with frequency f and wavelength A is
emitted. From the velocity of light ¢, = 2.998 X 10° m/s, we
obtain

WAzhf=h%O (63)
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Figure 8. Energy scheme of the hydrogen atoms (H); 1—ionization

energy 13.61 eV, 2—1. excitation energy 10.2 eV, 3—2. Excitation
energy 12.09 eV.

and the wavelength of the radiation is given by

_coh 1240

W, W,/evV (64)

nm

In Fig. 8 an energy scheme for the hydrogen atom (z = 1)
with the excitation energy and the ionization energy is shown.
As only discrete excitation levels are possible, only discrete
wavelengths of the radiation can be generated. Therefore the
emission spectrum of atomic gases is a line spectrum. The
wavelengths are mainly in the lower visible range and in the
UV range. For the simple hydrogen atom the experimental
data are in good agreement with the model. For atoms with
higher numbers, the interaction between the electrons must
also be taken into account.

The excitation and ionization energy for some important
gases are given in Table 4 (1). For atoms or molecules with
more than one electron, multiple ionization is also possible.
The levels given in Table 4 are valid only for the release of
the first electron from a neutral particle. To release further
electrons, much higher energies are required. However such
processes in general are not relevant for gas discharges, as
such high energy is not available.

The lifetime of an excited state is very short (107 s). If no
further processes occur, the excited electrons return to the
basic state according to a statistical distribution. Thereby a
photon is emitted, which may excite or ionize other atoms.

Table 4. Excitation Energy to the First Excited Level and
Ionization Energy for the First Electron®

Gas Excitation Energy W,, eV Ionization Energy W;, eV
H 10.2 13.6

H, 10.8 15.9

N, 6.3 15.6

0, 7.9 12.1

CO, 10.0 14.4

SFs 6.8 15.6

He 19 24

“ Ref. 1.
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Figure 9. Ionization degree x of thermoionized gases at 1 bar (5).

Additionally, metastable excited states can occur. Then ac-
cording to quantum theory, the transition of the excited elec-
tron back to the stable state cannot occur directly. A transi-
tion to an intermediate state is required. Also in such cases
when the energy of a photon or a collision is not sufficient for
direct ionization, a stepwise ionization process may occur.
Then the energy must be sufficient for excitation and during
the duration of the excited state a further, rather low energy
transfer can cause ionization. However during the short times
relevant, this energy transfer usually has to occur by short
wavelength radiation of high intensity, which is usually not
available in gas discharges.

Because of the relatively long duration of metastable
states in noble gases (up to 0.1 s), a stepwise ionization by
impact processes with rather small energy and accordingly
low electric fields is possible (gas discharge lamps). For high
molecular gases, ionization and dissociation will occur to-
gether because in many cases the generated positive ions are
not stable.

Volume lonization

Thermoionization. In gases at high temperature, molecules
may ionize by collision. According to the Boltzmann—Maxwell
velocity distribution, temperatures of some 1000 K are re-
quired for significant ionization.

The ionization degree x can be calculated from the Saha
equation. The result is shown in Fig. 9 (5):

bar

x2 T25 WI

kT
For gas discharges, thermoionization is relevant only during
the final phase. In that state, a highly conductive channel is

formed due to the heating of the gas caused by high-energy
dissipation.

Photoionization. By absorbing a photon of sufficient quan-
tum energy, photoionization can occur. According to the nec-
essary ionization energy high frequency

hf=>=W (66)
or short wavelength [Eq. (63)]
coh
A —~
< W, (67)



Table 5. Wavelength and Quantum Energy of
Electromagnetic Radiation*

Radiation Wavelength, nm Quantum Energy, eV
Infrared 750—10000 0.12-1.65
Visible 450-750 1.65-2.75
Ultraviolet (UV) 150-380 3.26-8.27
Vacuum ultraviolet 15-150 8.27-82.7

X rays 0.01-0.15 8.2-10°-124-10°

v radiation 0.0005-0.01 1.24-10°-2.5-108
Cosmic radiation <0.0005 >2.5-10°

“ Ref. 1.

of the radiation is required. In normal gases such ionization
processes require radiation with a wavelength of 65 - - - 100
nm (Table 4). With UV radiation of wavelength approxi-
mately 200 nm in such gases only the energy W, and W; —
W, (Table 4) can be provided and only stepwise photoioniza-
tion can occur (Table 5). By photoionization the primary elec-
trons, required for gas discharges, are provided. The source
for the radiation may be terrestrial with energy levels up to
some MeV or cosmic with energy levels up to 60 MeV. The
latter has such high energy, that usual enclosures do not have
any screening effect.

Collision lonization. Multiplication of charged particles in
a gas is achieved by collision. Again a simple model can be
used, where now the inelastic collision of two balls has to be
considered. If the initial kinetic energy of particle 1 is W, the
maximum potential energy AW, transferred to stationary
particle 2 can be calculated (3):

AWpot _ my
w my +my

(68)

According to this model, for an electron (m; < m,) the total
energy is transferred to a molecule. An ion (m; = m,) can
transfer only 50% of its kinetic energy. For direct ionization,
the precondition is AW, = W,, and for stepwise ionization the
lower energy levels AW, = W, and AW, = W; — W, are suf-
ficient. Therefore electrons are more effective for collision ion-
ization. Due to the 5.6-times larger mean free path [Eq. (25)]
and due to the large effective free path A* [Eq. (51)] the en-
ergy of electrons in a gas is much higher than that of the ions.
Therefore multiplication of charged particles can be calcu-
lated by considering electron collision alone.

The ionization coefficient « is the number of collisions
causing ionization per unit length. This important coefficient
strongly depends on the field. According to the effective free
path A/6, the energy of the electrons is given by

W = cE % (69)

Therefore stepwise ionization is neglected. Only if the energy
is as high as the ionization energy Wy, according to this model
ionization occurs. The corresponding free path A is called A;:

SW,
Ay = —L

I— eE (70)
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According to Eq. (29), the probability P for a free path A =

x = A;is given by
A
P= <__I >
P Am

The mean number of all collisions per unit length is 1/A,.
Therefore one electron will cause « ionizations per unit
length:

(71D

(72)

Townsend’s first ionization coefficient « is the key factor for
multiplying charged particles. According to Eq. (21), provided
that the collision cross section is constant, the mean free
path A, is inversely proportional to the gas pressure. There-
fore, it is appropriate to calculate the reduced ionization coef-
ficient a/p. Combining this with Eq. (70), we obtain the fol-
lowing result:

gzclexp(— % )
p

E/p
where
as
Cl == k_T
and
asW;
27 ekT (73)

In Table 6 some data for C; and C, in different gases are
listed. Due to the simplicity of the model being used the valid-
ity is limited as indicated.

In Figs. 10 (6) and 11 (7) data for the ionization coefficient
a and the attachment coefficient 7 in air and SFy are shown.
From that data the effective ionization coefficient a-7 is also
calculated. A simple description of the processes may be ob-
tained, if the term ionization cross section is introduced. If
according to Fig. 3 an electron A is passing through gas B,
the ionization cross section a is given by the assumption that
all collision processes corresponding to the ionization cross
section are causing ionization. In the same way, cross sections
for other interactions in the gas can be defined, that is, excita-
tion, attachment, or recombination. With the ionization cross
section, the probability for ionization dw; of an electron on its
zigzag path ds is described by Eq. (18):

dw; = ngag(v)ds (74)

Table 6. Values for C, and C,

Cy, C,, Validity for E/p,
Gas (cm - bar)™! kV/(cm - bar) kV/(cm - bar)
H, 3760 97.7 110-300
N, 9770 255 75-450
CO, 15000 349 370-750
Air 11300 274 110-450
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Figure 10. (a) Ionization coefficient «, attachment coefficient 7, and (b) effective ionization coef-

ficient « — 7 for air at 1 bar (6).

Thereby molecules B are regarded as stationary. It is impor-
tant that the ionization cross section depends on the energy,
that is, the velocity v of the electrons. Some data for the ion-
ization cross section are given in Fig. 12 (8,9).

The velocity distribution of the electrons is determined by
the thermal movement, according to Eq. (1), and the superim-
posed directed movement caused by the electric field. The
quantity of electrons dN,,, which have a velocity v, are consid-
ered. The probability that these electrons will cause ioniza-

2000
1

cm bar
1500 |-

1000 |~

500 [~

alpinlp

=500 |~

-1000
0 25 40 60 80 100 kV 140

E cm bar

Figure 11. Reduced ionization coefficient a/p, reduced attachment
coefficient n/p, and reduced effective ionization coefficient (a— n)/p
for SFg; for comparison a/p for air is also plotted; ¢ = 20°C (7).

tion on their path ds is given by

Awp = % dvdw; = ngay ) % dvds

dv

The total number of electrons is given by

Y= dN,
N, =/ dv

-0 dv
10713
cm?
10—14 |
asp(SFe)
10—15 | —
g g (SFe)
3’ ag(N2)
10—16 |
10—17 |
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10-18 | AN
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w

(75)

(76)

Figure 12. Ionization cross section ay for N, and SFg; attachment

cross section ag for SFg and O, (8,9).



Table 7. W, for Different Electrode Materials®

Material W,, eV
Barium oxide 1.0
Cesium 0.7-1.86
Aluminum 1.77-3.95
Copper 3.89-4.82
Gold 4.33-4.90
Nickel 3.68-5.02

“ Ref. 4.

For ionization, the path dx of the electrons opposite to the
direction of the electric field is relevant. This can be calcu-
lated according to the relevant velocities

ds v

—=— 77

dx vg 77
where vy is the directed, field-dependent drift velocity. For all
electrons N, the probability for ionization Wi is given by

W = (/ ) MaSI(v)vidv> ngdx (78)
v E

-0 dl)

According to the definition of the (collision) ionization coeffi-
cient «, the probability for ionization for N, electrons on the
path dx must be

Wi =N adx (79)
The result for « is
o 1 V=% dN(v) v
—_— = —d 80
ng Ny /;=0 dv as1(®) Vg v (80)

At constant temperature, the molecular density np is propor-
tional to the gas pressure p. Equation (80) is a physical expla-
nation of the reduced ionization coefficient a/p. Obviously
a/p is greatly influenced by the ionization cross section of
the electrons.

Surface Emission

Electrons are released from a cathode if the relevant binding
forces are overcome. Therefore energy W, is required:

Wa =€V, (81)
Some values for W, are given in Table 7. Barium oxide and
cesium have especially low values, which allows application

in vacuum tubes with high cathode emission. The energy W,
can be provided in the following ways.

Field Emission. Electrons are released from metallic con-
ductors if the potential difference caused by the internal
(atomic) field is overcome. However, this requires very high
external fields, which are reached only in pressurized gases.
For plane electrodes with smooth surfaces, fields on the order
of 1 MV/cm are required.

Actually the structure of electrodes is far from being ide-
ally smooth. At least the microstructure is usually distorted
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by protrusions and contamination. Therefore the fields are
usually significantly higher than expected from a calculation
of the electrostatic field distribution according to the macro-
scopic electrode geometry. In practice this effect becomes ef-
fective for macroscopic fields on the order of some 100 kV/cm.

Thermoemission. Electrons are released from metallic con-
ductors if the temperature is increased. Thereby the thermal
energy of the electrons in the metal is increased accordingly,
and an increasing number of electrons overcome the existing
potential difference. The emission current density S can be
approximated according to the Richardson equation:

— 2 _'a
S=CT exp( k”T>

where

A

C=60--120 0515

120 (82)

Photoemission. Photons release electrons from solid mate-
rials, if their energy hf is greater than the required energy
W.. The initial velocity v of the electrons is given by

o=/ 2 hf — W)
m

According to Eq. (63), the following condition for the radiation
wavelength A must be fulfilled for emission of electrons (v =
0):

(83)

hcg

a

A<

(84)

A comparison of the energy values in Table 7 with the values
of the ionization or excitation energy shows that for photo-
emission, radiation with a longer wavelength is sufficient
compared with gas ionization. The number of emitted elec-
trons per photon is given by the photoionization coeffi-
cient n,,.

Secondary Electron Emission (y-Process). Positive ions re-
lease electrons by collision with the cathode surface. Thereby
a first electron is needed to neutralize the ion. To generate an
additional electron, the energy 2W, is required, which has to
be provided by the kinetic energy Wy, of the ion and the re-
leased ionization energy Wi.

%v2 +W, > 2W, (85)

The number of emitted photons per ion is given by v;, the so-
called second Townsend ionization coefficient. As in Eq. (85)
Wi is usually much higher than the kinetic energy. y; does not
depend very much on the field, rather than on the kind of gas
and the electrode material. For air, SFg, and commonly used
electrodes, vy; is on the order of 107° (Fig. 20).

Recombination of Carriers

During the movement of charged particles of different polar-
ity, recombination may occur. Thereby the collision frequency
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and the reduction of the density of the charged particles dn
by recombination are proportional to the density n* of the
positive and n~ of the negative particles. With the recombina-
tion coefficient r,

(fi—? =-—rdntdn~ (86)
Frequently it can be assumed that n* = n~ = n:
2—? =—rn? (87)
Then the solution of Eq. (87) is
1
n=- (88)
— +rt
g

with the initial density of charged particles n,. Because of re-
combination, the density n of the charged particles is reduced
to half of the initial value after #y:

. 1
B ner

(89)

The recombination coefficient r depends on the molecular den-
sity, that is, the gas pressure. Caused by cosmic radiation (see
Photoionization), approximately a constant production rate of
charged particles by ionization (dn/dt), per unit volume and
time is achieved. Therefore at a density n, of charged parti-
cles, a balance is achieved if the recombination rate according
to Eq. (87) is equal to the production rate:

dn 9
(@), =rm
1 (dn)
r dt 0
This density of charged particles is very important for the
inception of gas discharges. As long as the energy of the
charged particles is not sufficient to allow ionization, only n,
charged particles can contribute to conduction. Ionization pro-
cesses also start from those. Therefore usually only the elec-
trons are relevant (see Collision Ionization).

For air at p = 1 bar and T = 0°C, the following data can
be used:

(90)

91

ng =

r=8x10"%cm?.s7!

(dn/dt), = 2¢em 3 .g7!

ny=500cm=3

ty = 250

(92)

However the cosmic radiation has a high temporal scatter and
increases with altitude. The terrestrial radiation depends on
location. Therefore the ion density of air strongly depends on
location and atmospheric conditions.

Electron Attachment

Free electrons attach to molecules resulting in the formation
of negative ions. By attachment, the number of charged parti-
cles is not influenced. However the number of free electrons
in the gas is reduced. The free electrons, however, are rele-

Table 8. Electron Affinity Wy of Some Elements and Gases®

Element Electron Affinity Wg, eV
H 0.7

F 3.4

Cl 3.6

(0] 14

0O, 0.4

SF (0.05-0.1)°1.0-1.7

@ Refs. 7, 10.

® Initial values; after some 10 us the second range of values applies.

vant for ionization and multiplication of the charged particles
in the gas (see Collision Ionization). Therefore discharge de-
velopment is greatly impeded by attachment. The binding en-
ergy of attached electrons (electron affinity) is very high for
halogens, because those in the basic state have a free space
in the outer electron shell. The electron affinity Wy for some
elements is given in Table 8 (7,8,10).

Therefore all combinations containing halogens have a
high potential for attachment of electrons and the formation
of negative ions. All gases with these characteristics are
called electronegative gases. Sulfur hexafluoride (SFy) is the
most frequently used electronegative gas with an initial elec-
tron affinity of approximately 0.05 to 0.1 eV. After some 10
us the electrons are attached more strongly, resulting in an
increased electron affinity of 1.0 up to 1.7 eV. On the other
hand, in electronegative gases electrons may be released
again if this rather low energy, compared with the ionization
energy given in Table 4, is provided. Without an applied elec-
tric field the thermal energy is usually so low that most of
the electrons are attached, which results in a high number of
negative ions and only a few free electrons.

Different attachment processes are possible. The result is
described by the attachment cross section ag. Some data are
given in Fig. 9 for SFg; and O,. The high attachment cross
section of SFy, especially at low energy, is an important fea-
ture of this gas. Because the attachment cross section of O, is
much lower and N, as the main component of air does not
attach any electrons, the total attachment in air is very low
(Fig. 10).

During discharge development, the number of free elec-
trons is also significantly influenced by attachment. This is
described by the attachment coefficient 7, which is the rela-
tive reduction of the number of electrons per unit length, that
is, the probability of attachment for an electron per unit
length. Based on a similar mechanism, the attachment coef-
ficient can be calculated from Eq. (80):

1 V=00 v
1 / iy a gl 2 dv (93)

veo dv Vg

ng Ny
Because gas pressure p at constant temperature is propor-
tional to molecular density ng, the reduced attachment coeffi-
cient n/p depends mainly on the attachment cross section
av. Therefore similar to agv the attachment coefficient de-
pends on the electron velocity v, that is, the electron energy.
The attachment coefficient can also be described by a sim-
ple model. Based on the model for collision ionization (see Col-
lision Ionization) it is assumed that attachment always oc-
curs, if the energy of the particle is smaller than the electron



affinity Wy. Therefore the free path A must be smaller than
the free path for attachment Az. From Eq. (69) the effective
free path is given by

W

B =
=% ek (04)

S| >

This consideration can be continued in the same way as for
collision ionization. From Eq. (29) the probability for a free
path A < x = A is given by

A
P=1-—exp <_A_B>

m

(95)

Based on the mean number of collisions 1/A,, per unit length,
the probability for attaching an electron per unit length is

given by
1 A
E— __B>
7 Am[ eXp( om ]

The mean free path is inversely proportional to the gas den-
sity [Eq. (20)], that is, the gas pressure at constant tempera-
ture. Combined with Eq. (95) a description similar to the ion-
ization coefficient is obtained:

% =C, |:1 — exp <_E%>j|

Comparing the results of Eq. (97) with the experimental data
shown in Fig. 11 for the attachment coefficient in SF; proves
the validity of this simple model. However as can be seen
from Fig. 10, Eq. (97) should not be applied to describe the
attachment coefficient in air.

(96)

97)

DISCHARGE DEVELOPMENT

Voltage-Current Characteristics of a Gap

The different mechanisms of conduction in gases can be
shown by the voltage-current characteristic of a gap. Between
plane—plane electrodes distance d apart, a homogeneous field
E is applied according with dc voltage V. If the voltage is in-
creased, the current density S is as shown in Fig. 13.

SS ********

Figure 13. Current density S in a plane-to-plane gap in air with
field E.
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Range I shows ohmic characteristics. The current density

is given by
S =eE (nfbf +nyby + nebe) (98)
where n{ and n; are the density of the positive and negative
ions, n, is the density of the electrons and the corresponding
mobilities are bf, b;, and b.. For a short time interval, the
current is nearly a pure electron current, because the electron
mobility b, is much higher than the ion mobility b;~. After
the electrons have moved to the electrodes, and this time in-
terval is considered here, only the rather slow ions contribute
to the current and the corresponding conductivity o is given

by

o =enibf +n;by) (99)
As long as the applied field and the energy of the charged
particles do not allow ionization, only the initial ions gener-
ated by cosmic or terrestrial radiation are available. Ac-

cording to Table 3 and Eq. (92), the following data are valid
for air:

2

nf ~ng ~500em™  bF A by A 1.6 o (100)
V-s
Therefore in range I the resistivity
1 15
p=—=~4-10"Q- -cm (101)
o

For impulse-voltage stress, the electron current has to be
taken into account, which results in much lower values of re-
sistivity.

In range II the saturation current density S5 is obtained
because all charged particles which are generated per unit
time and volume by radiation are moved to the electrodes in
the same time interval. According to Eq. (90) the charge dif-
ference per unit time caused by the particles generated within
the electrode volume given by plane A and distance d is given
by

dQ _ <dN>

dn 2
o @), = Ad <§>o e =Adrnge (102)

This must be equal to the charge difference per unit time
based on the saturation current density Sg in the field Ej:

d
d_? =ASg = Eg(b] +b7)ngAe (103)
Therefore the saturation field is given by
rnyd
Eg=k—2— 104
ST Tb +b; (104)

with £ = 1. Actually space-charge-induced field distortion has
to be included in the calculation, which results in 2 = 4.25.
The saturation field depends on the gap width d and amounts
to =30 V/m for air gaps of d = 1 m.

Range IIl is characterized by a steep current increase
caused by collision ionization. In air at 1 bar, a field of =25
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kV/em is required for this process, which results in break-
down in homogeneous fields.

Avalanche Formation and Effective lonization Coefficient

In range III (Fig. 13) an avalanche-like increase of the num-
ber of charged particles caused by collision ionization occurs.
Thereby the collision ionization coefficient o and in electro-
negative gases also the attachment coefficient n have to be
taken into account. As usual, only electrons cause collision
ionization. The increase of the number of electrons dNN, in the
distance between the locations x and x + dx opposite to the
direction of the electric field is given by
dN, = (@ — ) Nedx (105)
where N, is the number of electrons at the location x. Starting
at x = 0, that is, at the cathode, with N, initial electrons, the
number of electrons at the location x has increased to N:

Nex = N, exp (/ (o — n)dx) (106)
0
and for the homogeneous field:
Nex = Ny expl(a — n) x] (107)

Therefore a-n is called the effective ionization coefficient,
which was shown in Fig. 10(b) for air and in Fig. 11 for SFs.
For fields of (E/p), < 24.4 kV/(cm-bar) in air and (E/p), <
87.7 kV/(cm - bar) in SF,, the attachment coefficient domi-
nates. In this condition avalanche growth is not possible and
free electrons are attached. if an avalanche develops toward
such an area, the number of electrons decreases.

At the reduced limiting field (E/p),, the steep current in-
crease shown in Fig. 13 occurs. Therefore below this field

for air <§> = 24.4%

IS v (108)
for SFy (—) =87.7T——

p/y cm - bar

breakdown cannot occur. However, the microscopic field,
which is relevant for discharge inception, can greatly differ
from the macroscopic field. This phenomenon is of special im-
portance in SF; (see Surface Effects).

For fields of 60 kV/(cm-bar) = E/p = 120 kV/(cm - bar),
the reduced effective ionization coefficient in SF¢ is approxi-

mately:
a—n =k|:§—<§> ]
p p b/
where
1
=28 —
k 8kV
and

(109)

For fields of 24.4 kV/(cm - bar) < E/p = 60 kV/(cm - bar), the re-
duced effective ionization coefficient in air is approximately (11):

rea[2-(5)]

where

cm - bar
k=022 v

and

cm - bar (110)

() —2aa X
b/

Breakdown in Homogeneous and
Approximately Homogeneous Fields

Evaluation of the Streamer Mechanism. The experimental
proof of the streamer mechanism was first performed with
impulse-voltage stress in homogeneous fields at rather low
gas pressure between 0.35 and 0.7 bar (12). However, those
investigations are rather far away from the range which is
relevant for technical application, that is, gases of higher spe-
cific strength, much higher gas pressure, and less homoge-
neous field distribution. Therefore some uncertainty re-
mained whether this mechanism could be assumed as a
general case for breakdown development.

The following experimental data (13,14) are much closer to
technical application because dc voltage stress in approxi-
mately homogeneous fields (1 = E c.n/Enax = 0.79) are investi-
gated, high pressure of several bar is used, and gases of tech-
nical relevance, like N, and SF, are considered. However,
under these conditions the dynamics of discharge develop-
ment are greatly enhanced.

Complete breakdown development in compressed N, at 2
bar is reconstructed in Fig. 14 from several high-speed re-
cords (single frames) of luminous phenomena with less than
1 ns exposure time by a sampling technique. The application
of this technique requires sufficient reproducibility of the dis-
charge development, which has to be verified. The breakdown
voltage V3 under these conditions is 59 kV.

The records in Fig. 14 start about 40 ns before the begin-
ning of the voltage collapse (¢ = 0). In frames 1 and 2 an
electron avalanche of subcritical size is observed, which drifts
toward the anode with a velocity of =~1.5 X 107 cm/s. The
point-like structure of these records is simply due to the low
radiation density. The formation of an avalanche of critical
size just in front of the anode is shown in frames 3 and 4. The
inception of the cathode-directed ionization wave (streamer)
can be clearly seen from frame 5, and at frame 11 the
streamer has reached the cathode. After that a conductive
channel is formed. From these records a propagation speed of
the cathode directed streamer of more than 10® cm/s is calcu-
lated.

There is no doubt that those observations at high pressure
represent the same streamer mechanism which has been es-
tablished for low gas pressure (12). This could also be proven
for gas pressures as high as 6 bar in N, (13,14). However,
under such conditions the timescale for the observations cor-
responding to Fig. 14 is reduced approximately by a factor of
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Figure 14. Discharge development in Ny, p = 2 bar, Vi = 59 kV (13,14).

3, which actually is the relative pressure increase. In SF; the
observed phenomena also correspond to the streamer mecha-
nism (13,14), if the special conditions are taken into account.
Based on high breakdown fields, the timescale of the phenom-
enon in SFy at 2.4 bar is approximately the same as that in
N, at 6 bar.

A definitive interpretation of the observed discharge phe-
nomenon requires a spectrally resolved analysis. Therefore a
technique is used (13,14), which provides both spectral resolu-

tion (horizontal axis) and one-dimensional spatial resolution
along the electrode axis (vertical axis). An example of these
measurements is shown in Fig. 15. Because the measurement
was performed in N; at p = 6 bar, the reduced timescale as
described before has to be taken into account.

The first two frames show the radiation from the critical
avalanche. The spectral lines belong to the second positive
system of the N, molecule (15). In frame 3, during the devel-
opment of the cathode-directed streamer, this radiation is
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Figure 15. Prebreakdown spectrograms in Ny, p = 6 bar, V3 = 153
kV, wavelength 318 nm to 382 nm (13,14).

transferred toward the cathode. This indicates that both elec-
tron and gas temperature are not influenced significantly
(15). In frame 4 the formation of the conductive discharge
channel by thermoionization is being observed. This is indi-
cated by the emission of continuous radiation, starting from
that region, where the electron avalanche had become critical.

In SF; of commercial purity no spectral lines were observed
during the discharge formation. Because the radiation coeffi-
cient of N, is some orders of magnitude higher than that of
SF (16,17), tiny additions of N, are recognized in the spectro-
grams. On the other hand, it ensures that small admixtures
of N, do not influence the insulation properties of SFg (18).
Therefore it seems to be admissible to use small admixtures
of N, to indicate those processes in SF; which cannot be ob-
served directly. By this method it was verified that the dis-

charge development in SF; may also be described by the
streamer mechanism.

Taking into account the transfer characteristics of the opti-
cal system, the number of photons N, can be estimated.
Based on the radiation coefficient (19) the number of electrons
can also be calculated (13). In N, it was found that the num-
ber of electrons of the critical avalanche is between 1 X 108
(p =1bar,t = —20 ns) and 3 X 10° (p = 6 bar, ¢ = —10 ns),
which agrees very well with other work (15,20).

The corresponding elaboration in SF; is restricted to spa-
tial analysis of the prebreakdown phenomena, because the
available data for the radiation coefficient are too uncertain
to perform the calculation of the number of electrons as done
in N,. As can be seen from the effective ionization coefficient,
which is plotted in Fig. 16, in SFy electron multiplication is
only possible at a distance of 0.45 mm from the cathode and
1.7 mm from the anode because the approximately homoge-
neous field distribution is used. Based on Eq. (106) the total
electron multiplication in front of the cathode is only 103,
which is not sufficient to generate a critical avalanche. How-
ever, in front of the anode the required electron multiplication
is obtained within a distance of less than 1 mm.

The records of the prebreakdown phenomena in Fig. 16
show good coincidence between the position of the avalanche
tail and the zero passing of the effective ionization coefficient.
To get some impression of the reproducibility of the prebreak-
down phenomena in SFg, which is much lower than in N,,
three records for the same experimental conditions are
shown. The observed luminous phenomena in SF; belong to
the formation phase of the critical avalanche and the lowest
one already shows the inception of the cathode-directed
streamer.

In SF; there are some differences in the observed phenom-
ena especially during the streamer inception and propagation
phases. So the typical constriction at the avalanche tail can-
not be recognized. The branching during the inception of the
cathode-directed streamer, which can also be seen in Fig. 14,
is not observed in SF;. Generally there is a bit scatter of the
temporal and spatial development of the cathode-directed
streamer. The measured propagation velocities vary between
2 X 108 to 5 X 10% cm/s.

Breakdown Criterion According to the Streamer Mecha-
nism. All investigations definitely indicate that the streamer
model can be applied to explain breakdown development in
gaps with homogeneous and approximately homogeneous
field distribution for different gases. With some simplifica-
tions breakdown criteria can be derived from such a model.
Therefore it is assumed that in a homogeneous electric field
an avalanche starts with a single initial electron (N, = 1).
The avalanche growth is shown in principle in Fig. 17.

At location x the number of electrons has grown according
to Eq. (107):

N, (x) = expl(x — 1) x] (111
The avalanche head (2) is formed by the electrons, which are
moving with very high speed. The long avalanche tail (1) is
formed by the comparatively slow positive ions, which can be
considered nearly stationary. Because of diffusion, the elec-
trons in the avalanche head spread equally in all directions.
At the time ¢ a charge ball with the radius r;, forms. With the
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Figure 17. Electron avalanche in a homogeneous field and field dis-
tribution in the axis of the avalanche of critical size. E, is the applied
external field. The dotted line is the field resulting from space-
charge distortion.
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Figure 16. SF¢, p = 2.4 bar, Vi = 198 kV. Upper part: a —
n; lower part: critical avalanche, ¢ = —12 ns (13,14).

diffusion constant D according to Einstein’s law

D kT
be e
r, = 2Dt (112)

Because of the spatial distribution of the charged particles,
the charge density in the avalanche head is much higher than
in the avalanche tail. To evaluate the field distribution near
the avalanche head, the charge in the avalanche head alone
may be accounted for as an approximation. Therefore a space-
charge-induced field Ey, is built up. Combining the applied ex-
ternal field E, (Fig. 17) at location A with the field (E, +
|E1max]) at the location B results in the field (|[E,| — |Epnu))-
Because the increased field at location A in front of the
avalanche head, increased ionization and propagation of the
avalanche occurs (20). Therefore it is assumed that increased
emission of very short wavelength radiation (A = 100 nm) also
plays an important role (12). By this photoionization addi-
tional charged particles are obtained and the spatial growth
of the discharge development can occur with the velocity of
light. During the inception of the anode- and cathode-directed
streamers, the low field region corresponding to location B
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can be identified as the area with very low emission (Fig. 14,
frames 6 to 10).

Because the streamer propagation may be partly accom-
plished by photons, the effective streamer velocity is very
high and in air at atmospheric pressure may already be in
the range of 107 to 108 cm/s. The lower limit is valid for nonho-
mogeneous fields, the higher for strictly homogeneous fields.
When the streamer reaches the electrodes, heating of the pre-
breakdown channel occurs within a short time interval, fol-
lowed by thermo-ionization. This results in high conductivity
and rapid voltage collapse, provided that the impedance of
the voltage source is sufficiently low.

The condition |E;| ~ |E,| is regarded as the breakdown cri-
terion. To calculate space-charge field at the avalanche head
E;, it is assumed that the entire electron charge is concen-
trated in the center of the avalanche head. For avalanche
growth, only the basic field E, is taken into account because
space-charge distortion by the charge in the avalanche head
can be neglected until the number of electrons is approxi-
mately 107. Based on the number of electrons at location x
[Eq. (111)] the strength of the space charge field is given by

B — Nexe e expl(a — n)x]
L™ 4re r?

dmeyr? (113)

Based on Eq. (112) and by assuming a constant electron mo-
bility b, (see Movement of Charged Particles) the radius of
the avalanche head can be calculated from

r? =4D— =4D (114)

With the diffusion constant D from Eq. (112) and the radius
of the avalanche head from Eq. (114) the space charge field at
the avalanche head is given by

_ e expl(@ — na]

By = 16mexkTx g (115)

It is assumed that breakdown occurs for E;, = E,. Therefore
the avalanche, which started at x = 0 (cathode), reaches its
critical length x. and the critical number of electrons N, in
the avalanche head. From Eq. (115)

167weghTxer = e?expl(a — n)x] = €2 N, (116)

This condition is fulfilled only if x.. is smaller than or equal
to the gap width d. For a homogeneous field and dc voltage
stress it can be assumed that the critical size of the avalanche
is reached at the anode, that is, x.,. = d. For a gap width d of
1 cm the result from Eq. (116) is N, = 108. As indicated, this
value depends on the gap width and on the field distribution.
For gap widths of several cm up to some ten cm a critical
number of electrons between 10° and 108 is assumed. There-
fore the following breakdown criteria can be used (12,21):

|:/1) ( ) cr Cer <_ d NC!‘ = IOE e |08

Avalanche
Growth Reduction

E
p

L,
0 X d x

Figure 18. Avalanches in nonhomogeneous fields; area 1: avalanche
growth, area 2: avalanche decrease.

For a nonhomogeneous field:

/ (¢ —n)dx =1In N = Kg, Xer < d
0

(118)
K =13.8t0184
expl(@ — Mxal =Nee %o <d N =10°t0 108 (119)
For a homogeneous field:
(@ —Mxer =1In Nep = KSt Xer <d KSt =13.8t018.4

(120)

If less than N, electrons in the avalanche head are obtained
at the anode, no breakdown occurs and the electrons are ab-
sorbed by the anode.

Originally this breakdown criterion had been verified ex-
perimentally and formulated by Raether only for homoge-
neous field distribution and for nonattaching gases. Later on
it could be shown, that it may also be used in nonhomoge-
neous fields, as long as streamer breakdown is relevant, and
also for attaching gases.

In the case of nonhomogeneous field distribution, as shown
in Fig. 18, the calculation according to Eq. (117) has to be
performed over the distance x, starting at the electrode to
that point where the reduced field has dropped to the reduced
limiting field (E/p),, as shown in Figs. 10 or 11. At this point
if the critical number of electrons is not obtained, no break-
down occurs because no further increase in the number of
electrons is possible. In the case of negative polarity of a
curved electrode, which is shown in Fig. 18, a decrease of the
avalanche occurs behind x,. For positive polarity of a curved
electrode, the maximum number of electrons is reached at the
anode and those are absorbed in that case.

Breakdown Criterion According to the Generation Mecha-
nism. Originally it was assumed that breakdown could occur
only if several successive avalanches developed. However, the
so-called generation mechanism or Townsend mechanism



(22), could not be maintained at least as a general case, be-
cause breakdown had also been observed for pulses of rather
short duration.

For the generation mechanism the model of avalanche
growth is identical to that of the streamer mechanism. If an
avalanche is developing in a homogeneous field from a single
electron at the cathode (x = 0), the number of electrons N, in
the avalanche head at location x (Fig. 17) is given by

N, = exp [/x(oz ) dx:| = expl(a — n)x] (121)
0

However, in addition, the number of positive ions N7 in the
avalanche tail are taken into account by

Nf:/ ozNedx:/ aexpl(a —n)x]ldx
0 0

=% {expl(a—mal—1)
a—1

(122)

The positive ions move back to the cathode, and according to
the y-process (see Secondary Electron Emission) N,y new ini-
tial electrons are released from the cathode

N, = )’INI+

, (123)
with Townsend’s second ionization coefficient 7.

Photons, emitted from the avalanche, also release elec-
trons from the cathode. It is assumed that the number of
emitted photons Ny,

Nph = ENI+

(124)
is proportional to the number Ny of positive ions. Because of
photon absorption in the gas only the fraction 6N, of the
emitted photons reaches the cathode and according to the sec-
tion on Photoemission the number of new initial electrons
Nopn is given by

N,

e0p

h= nphée NI+ (125)

The total number of electrons released from the cathode is
determined by the feedback coefficient 7y:

N,

o0 = ViNy +n,,8¢ Ni = y Nf (126)

If the first avalanche has crossed the whole gap width d, ac-
cording to Eq. (122) the number of initial electrons for the
second avalanche is given by

Nep=v O_l " {expl(e — n)d] — 1} (127)

o

On condition that

Ny=>1 (128)
the successive avalanche is larger than the first, which devel-
oped from a single initial electron. The following avalanches
also grow steadily until breakdown occurs. The discharge cur-
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rent for the generation mechanism is shown in Fig. 19 for
different numbers of initial electrons N,, and different over-
voltages AV related to the static breakdown voltage V3. It is
evident that rather long periods are required for discharge
formation. According to Eqgs. (127) and (128) the breakdown
criterion for the generation mechanism is given by

a—n

+1 (129)

expl(a —n)d] >

The corresponding breakdown criterion for the streamer
mechanism from Eq. (119) is given by

expl(a —n)d] = Ner (130)
Breakdown is possible according to both mechanisms if the
limiting field E, is exceeded. However, the practical signifi-
cance of the generation mechanism is limited. For instance,
in SF for fields which are slightly higher than (E/p), the con-
dition @ = 7 is met. Under this condition, the decisive term
in Eq. (129) is reduced to the feedback coefficient vy:

a—n
ay

(131)

~

R |+

The feedback coefficient, however, is greatly reduced by the
gas pressure. In SF, the feedback coefficient due to the ab-
sorption of the short wavelength radiation is especially small,
which can be seen from Fig. 20 (23). By comparing Eq. (129)
and (130) and taking into account that for the streamer mech-
anism electron numbers N, of 10 may already be sufficient
for breakdown inception, it is more and more unlikely that
the generation mechanism can occur if the feedback coeffi-
cient is less than 107

Generally it is assumed that the generation mechanism
can occur only for pd < 1 bar - cm. In any case a precondition
for the occurrence of the generation mechanism is steady-
state voltage stress.

BREAKDOWN CHARACTERISTICS

Paschen Characteristic (Similarity Law)

Paschen has shown by experiments that for homogeneous
gaps with the gap width d and the gas pressure p the break-
down voltage V3 is a function of pd:

Vs = f(pd) (132)

The Paschen curves agree with both the streamer mechanism
and the generation mechanism. According to Eq. (120) the
breakdown criterion for the streamer mechanism is given by

The corresponding criterion for the generation mechanism
with Eq. (129) is given by

(134)

(a—n)dzln[a_n+1]%Kg
ay

Because of the logarithmic dependency, variations of [(a — 1)/
(ay) + 1] do not have a big influence. Therefore this function
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Ngo=0.62 AV/Vg=0.32% Ngo = 0.62

AVIVg = 0% Negp=21 AVIVg=1.1%

Figure 19. Discharge current for the Townsend mechanism; Vz—static breakdown voltage,
AV—overvoltage, N,/CH, gas mixture 1:60, p = 0.36 bar, homogeneous field, d = 1.46 cm (12).

can be approximated by the constant K, for the generation
mechanism. For both mechanisms, the following condition
must be fulfilled for breakdown:

(@ —md >K
or
o-n, K (135)
D pd

For each gas the reduced effective ionization coefficient
(a—m)/p is a typical function of the reduced field [Eq. (109) or
(110)1:

a—n

(136)

=hHE/p) =1 (%)

At the breakdown voltage V3 the breakdown criterion ac-
cording to Eq. (135) must be fulfilled:

Thereby the Paschen characteristic based on Eq. (132) is con-
firmed.

For nonattaching gases (n = 0), a simple formula for the
breakdown voltage is obtained from Eq. (73) and Eq. (135) for
E = EB = VB/ d:

v, = Gopd (138)

B C,pd
1 L )
n(K

where K = Kg for the streamer mechanism and K = K, for
the generation mechanism.

The Paschen curves have a typical minimum Vg, at
(pd)min. In Table 9 the minimum breakdown voltages (1),
which depend on the electrode material, are shown.

In Figs. 21-23 some Paschen characteristics for technically
relevant gases (24) are shown.

Similar to the Paschen characteristics of the breakdown
voltage, the characteristics of the reduced breakdown field
E3/p can be defined. According to Eq. (137) the relevant func-
tion is

K VB> Ey
— = — 137 — = d 139
i=hi(3 (137) 2 — y(pd) (139)
107 = | | | =
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Figure 20. Feedback coefficient y in SFg
for rather low gas pressure (23).
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Table 9. Minimum Breakdown Voltages of Some Gases®

Gas (pd)min, 1072 bar -cm Vimin, V
Air 0.73 352
SF 0.35 507
N, 0.86 240
H, 1.40 230
0, 0.93 450
CO, 0.68 420
He 5.32 155
Ne 5.32 245

“ Ref. 1.

The typical shape of such curves is shown in Fig. 24. For large
values of pd all curves approach the reduced limiting field
(E/p),. However, there are big differences in the way this is
achieved. The curve for plane—plane electrodes in air in Fig.
24 has a very steady slope and even for the greatest value of
pd, the reduced limiting field (E/p), = 24.4 kV/(cm - bar) is
not reached because of the rather slow increase of the effec-
tive ionization coefficient in air after the reduced limiting
field is exceeded [Eq. (110)].

The corresponding curve in Fig. 24 for plane—plane elec-
trodes in SFy shows a quick decrease of the reduced break-
down field with increasing pd and for pd = 1 cm-bar the
reduced limiting field (E/p), = 87.7 kV/(cm - bar) is already
nearly obtained. The reason for this characteristic is the very
steep increase of the effective ionization coefficient in SFg
after the reduced limiting field is exceeded [Eq. (109)].

For homogeneous fields in air the dependency of the re-
duced breakdown field on gas pressure and gap width has to
be taken into account within the whole range of pd which is
relevant for practical applications. In SFy and especially for
homogeneous fields in many cases, the reduced breakdown
field E,/p may be approximated by the reduced limiting field
(E/p).

v T
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For breakdown in air a simple criterion had been devel-
oped by Schumann (11). This is obtained from the reduced
effective ionization coefficient in air, as described by Eq. (110),
and the breakdown condition according to Eq. (135). For ho-
mogeneous fields and a pressure of 1 bar, the following for-
mula for breakdown voltage is obtained:

C

where
V, =24.4kV
and
K 2
C =45 i (140)
cm

As a first approximation in SFg the breakdown field Ep is
equal to (or greater) than the limiting field E,. This is ob-
tained from Eq. (109):

E
m=r(3)
0 P/o
where
E k
(—) =87.77V (141)
P/ cm - bar

Because of the steep increase of the effective ionization coef-
ficient in SFy, which is described by Eq. (109), the critical
number of electrons is obtained in a very short distance (Fig.
16). Therefore in SF; the distribution of the field close to the
surface of the more highly stressed electrode is decisive for
the breakdown development. As an approximation, the field
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Figure 21. Paschen curve for N,; temper-
ature 25°C (24).
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Figure 22. Paschen curve for air; temperature 20°C (24).

at the electrode surface can be introduced into the breakdown
criterion according to Eq. (118). The effective ionization coef-
ficient is taken from Eq. (109):

0 P/ k

This equation means that the area of the field exceeding the
limiting field E, [Eq. (141)] and the path x in the gap may not
exceed the limiting value of approximately 0.7 kV. In princi-
ple this condition has already been shown in Fig. 18. There-
fore the maximum permissible field is higher than the lim-
iting field E,. The difference is increased with decreased
homogeneity of the field distribution. For the homogeneous
field the breakdown voltage is based on Eq. (142):

% ~ 0.7kV
(142)

Xer <d

kv

Vg =87.7——— pd + 0.7kV (143)
cm - bar

The Paschen characteristic (similarity law) may be easily ex-
plained by a simple physical model, which is based on the
similarity of two insulating arrangements. Arrangement 2 is
obtained from arrangement 1 by magnification with the scale
factor m. Accordingly the mean free path in arrangement 2 is
increased by m, which is achieved by a decrease in the gas
pressure corresponding to 1/m. Therefore it ensures that

P1dy = pydy (144)

If the same voltage is applied, the field E;, = E;/m is lower
than in arrangement 1, but because the mean free path is
increased according to A,; = mA,;, the energy of the charged
particles W = E is the same. Because also the mean number
of collisions d/A,, is also identical, exactly the same conditions
for the discharge development are given. This results in iden-
tical breakdown voltages. Therefore the breakdown voltage is
identified by the product pd as stated by the Paschen charac-
teristic.

The Paschen characteristic may also be applied to elec-
trode arrangements with approximately homogeneous field
distribution. The only requirement is that no space charges
are injected, which would result in additional distortion of the
field distribution.

Breakdown of Gas Mixtures

Gas mixtures are of increasing interest. Mixtures are a very
effective technique for obtaining optimized insulating charac-
teristics by combining the advantageous features of two or
even more components. A very popular example is the admix-
ture of N, to SFg. The insulating properties of SF; are reduced
only slightly, but the liquefying temperature of the mixture is
reduced significantly (7).

The following are characteristics of mixtures of two compo-
nents, but in principle they are also valid for mixtures of more
than two components. The molecular density n of a mixture
is obtained from the molecular densities n, and n, of compo-



nents 1 and 2:

n=ng+n, (145)
From Eq. (15) the total pressure
p =p1+py=nkT (146)

results from the partial pressures p;, and p, of the compo-
nents:

py=n,kT
and

Do = no kT (147)
Because the liquefying temperature of a component corre-
sponds to its partial pressure, the liquefying temperature of
the mixture can be reduced.

It is evident that atmospheric air is also a gas mixture.
However because this mixture, whose main components are
0,, N,, and CO,, always in the same ratio, it is commonly
regarded as a unique gas.

During the analysis of the avalanche development in a gas
mixture, the collisions of electrons with gas molecules have
to be evaluated separately for each component. Therefore the
different cross sections, ionization energies, and attachment
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energies have to be taken into account. For a mixture of mole-
cules with collision cross sections a,; and ag,, the probability
for a collision of an electron with a molecule of component 1
on the path ds is described by Fig. 3 and Eq. (18):

dw; = ngia, ds (148)
and the number of collisions per unit length is given by
dw 1
d—sl = rml = nBlasl (149)

According to the section on Collision Ionization, it is assumed
that ionization occurs, if the transferred energy is equal to or
greater than the ionization energy of molecule 1. The elec-
trons receive this energy on the free path A which is deter-
mined by collisions with the molecules of all components of
the gas mixture. According to Fig. 3 and Eq. (18), the proba-
bility of a collision of an electron with molecules of both com-
ponents on the path ds is given by

dw =nga,,ds + ngya,ds (150)
The mean free path [Eq. (20)] is given by
Am = 1 (151)
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Figure 24. Reduced breakdown field of plane—plane electrodes with
gap width d, coaxial cylinder electrodes with inner radius r, and coax-
ial sphere electrodes with radius R.

The ionization energy of molecule 1 is obtained, if the free
path before a collision is in accord with Eq. (70):

Wy,
Ay = oE (152)
From Eq. (29) the collision probability is given by
A
P, =exp|—— (153)
Am

The ionization coefficient for molecule 1 relates to the collision
probability and the number of collisions with molecule 1 [Eq.
(149)]:

p A
a; = —% =nga,, exp (—£> (154)
Ami A

m
From Egs. (152) and (154) an expression similar to Eq. (73)

for a unique gas can be written for the ionization coefficient
of component 1 in the gas mixture:

o Cy; (P1 |, P2 ag
2w G525
pp M E/p\p ' p ay

where

and
(155)

The simple model for the attachment [Eq. (97)] is also used
accordingly:

5 Cyy (P1 Do as2>:|}
— =Cyy1l—exp| - — +—= ==
P ‘“{ p[ E/p\p ' p ay

The same calculations have to be made for component 2. The
results can be obtained from Egs. (155) and (156) if the num-
bering is changed accordingly.

The avalanche growth in the gas mixture can be calculated
from Eq. (105) with the relevant effective ionization coeffi-
cients:

(156)

dNe = (a; — n1)Nedx + (atg — 1g)Ne dx (157)
The breakdown characteristics are obtained from the break-
down criteria for the streamer mechanism [Eqgs. (117)-(120)]
or for the generation mechanism [Eq. (129)].

In some cases a simplified model may be used, especially
if high accuracy is not needed. In that case similar collision
cross sections of the components a,, = a, are assumed. With
Eq. (146) this results in

Y _ 0y exp <—ﬁ> (158)
Dy

(159)

In this very simple model the ionization and attachment coef-
ficients of unique gases can be used directly together with the
relevant partial pressures p; and p,. The reduced field, how-
ever, is obtained according to the total pressure. The result of
this approximation (25) is shown in Fig. 25 for a SF¢—N;, mix-
ture. The accuracy is greatly improved if the different colli-
sion cross sections and further interactions of the particles
are taken into account (26,27). As already stated, Eq. (97) and
therefore also Egs. (156) and (159) may not be used for some
attaching gases like O, (and air).

An important conclusion from Fig. 25 is that small admix-
tures to SFs do not influence the insulating properties signifi-
cantly. Even with 40% N, approximately 90% of the break-
down strength of pure SF; is maintained.

Surface Effects

Until now only the influence of the macroscopic field distribu-
tion has been taken into account in evaluating breakdown
characteristics. This is only justified if the surface roughness
of the electrodes (and other solids materials in the discharge
volume) can be neglected. If this condition is not met, the
measured breakdown voltages may be greatly affected
(28,29). Thereby deviations from the Paschen characteristics,
which can be observed in air at very high gas pressure and
in SFs even at a moderate gas pressure of approximately 2
bar, can be explained (30).

The surface roughness of high quality electrodes will be
less than some um. It can be further improved by special sur-
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face treatment. All kinds of discharges influence the micro-
structure of the electrode surface. Discharges with rather low
energy can have a favorable effect (conditioning) because usu-
ally a smoothing of the microstructure occurs. Discharges
with high energy cause considerable melting of the electrode
surface, which usually results in degradation of the micro-
structure.

The surface roughness of the electrodes and its basic in-
fluence on the field distribution is shown in Fig. 26. Therefore
in the vicinity of the electrode surface the microfield exceeds
the macrofield, which is obtained without significantly consid-
ering the surface roughness.

Such surface phenomena can be taken into account for sin-
gle protrusions according to Fig. 27. As can be seen from Fig.
27(a) only the reduced microfield in the vicinity of the elec-
trode surface exceeds the reduced limiting field (E/p),. In the
remaining part of the gap the field is lower than the reduced
limiting field. Therefore without the field enhancement by
surface roughness, no breakdown could occur.

In Fig. 27(b) the effective ionization coefficient « — 7 is
plotted for three examples. Only for the microfield in the re-

Microfield

Macrofield

> X

Figure 26. Field enhancement by surface roughness of the elec-
trode; --- macrofield, —— microfield.
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gion 0 < x = x, with E/p > (E/p), is a positive effective ioniza-
tion coefficient provided, which allows avalanche growth. The
number of electrons N, generated is shown in Fig. 27(c).

For the streamer mechanism the breakdown criterion is in
accord with Eq. (118):

/ O(a —n)dx = Kg, (160)
0

Then either the area above the zero line in Fig. 27(b) must be
equal to K or the electron number in Fig. 27(c) at x, must be
equal to or greater than N,. The big differences among the
three examples are caused by the fact that the effective ion-
ization coefficient [Eq. (110)] in air has a rather slow increase
with the field after the reduced limiting field is exceeded. In
SF; this initial increase of the effective ionization coefficient
[Eq. (109)] is much higher, which results in the different
curves in Fig. 27(b). If in addition the gas pressure is in-
creased from p; to p,, which results in a proportional increase
in the effective ionization coefficient, the breakdown criterion
in SF is fulfilled. This effect can also be observed in air and
in other gases, but as shown in Fig. 27, much higher gas pres-
sures would be required.

It is not practical to simulate any individual shape of the
electrode surface. The most important factor, however, is the
height # of the protrusions on the rough electrode surface,
which are shown in Fig. 26. The size of the range 0 < x < x,
in Fig. 27(a) is increased with h, which also increases electron
multiplication according to Eq. (160). Additionally, as shown
before, the gas pressure directly increases electron multiplica-
tion. Therefore the product ph is decisive for the effect of sur-
face roughness on the breakdown characteristics. An example
of this effect for single protrusions is shown in Fig. 28 for
SFs (31).

s *** SFg; ps
o : o ocoo SF6§}71
° ‘ °

oo Air; pq

> x

Figure 27. (a) Reduced microfield E/p; (b) effective ionization coeffi-
cient o — € and (c) electron number N, near the rough electrode sur-
face in air and SFs at gas pressure p; and in SF; at increased gas
pressure p,.
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Figure 28. Breakdown field strength in a homogeneous field with
field distortion by spherical protrusions with height 4. The straight
line is based on a calculation; the markers represent measurements
(31).

BREAKDOWN IN NONHOMOGENEOUS FIELDS

In nonhomogeneous field breakdown also occurs according to
the streamer mechanism (see previous sections). However, de-
pending on the degree of homogeneity, after the streamer cri-
terion is fulfilled, stable corona discharges are maintained in
the high-field area (Fig. 29).

The degree of homogeneity 7 is defined as the ratio of the
mean field V/d and the maximum field in the gap:

Emean V

= = 161
"= e B (161)
n - Emean - V
Emax d Emax

0 0.5 1 n

Figure 29. Breakdown voltage Vi and corona inception voltage V;
versus 7 for constant gap width d.

In general for nonhomogeneous field distribution, a distinec-
tion must be made between the corona inception voltage V;
and the breakdown voltage Vi. In cases with rather low val-
ues of 7, a further voltage increase is required until a transi-
tion from the corona to a complete discharge formation occurs.
However, usually this occurs in accordance with the
streamer mechanism.

In very large gaps in the range of meters and impulse volt-
ages of rather long rise times, a different phenomenon occurs
in addition to the streamer. This leader mechanism, which is
based on an initial streamer, is characterized by high current
density in the prebreakdown channel and thermoionization.

Space-Charge Formation (Polarity Effect)

Because of corona discharges, especially in the high-field re-
gion, space charges are injected, which distort the electro-
static field distribution. This phenomenon will be analyzed for
a point-to-plane gap in air. Thereby a pronounced polarity ef-
fect occurs because of a different discharge development and
the different mobility of electrons and ions.

Positive Point—Plane Electrode. The limiting field p(E/p), at
first is exceeded in the vicinity of the positive point. Starting
with primary electrons, which are generated by cosmic or ter-
restrial radiation, electron avalanches develop, which grow
toward the positive point. After the streamer criterion [Egs.
(117) or (118)] has been fulfilled, the photonemission from the
avalanche head induces the formation of successive electron
avalanches. This causes a stable corona near the point elec-
trode, which can be observed as a local glow discharge.

The electron avalanches develop toward the positive-point
electrode with an increasing field. Thereby the critical num-
ber of electrons can be obtained on a short path, which also
results in a rather high density of the positive ions. Because
of their high mobility, the electrons are quickly collected at
the anode. A space charge of slow positive ions remains in the
vicinity of the positive-point electrode. Therefore the field
near the point electrode is reduced significantly [Fig. 30(a)].
However because of the positive space charge, the point elec-
trode is virtually elongated, which reduces the gap width and
increases the field in the remaining gap. Thus a rather low
breakdown voltage is typical for the positive point—plane elec-
trode.

Negative Point-Plane Electrode. Primary electrons are also
provided by emission from a negative-point electrode. As the
avalanche develops toward a decreasing field, a longer path
is needed until the critical size is obtained. If the field is high
enough to fulfill the streamer criterion, the photonemission
from the avalanche head induces the formation of successive
electron avalanches. This leads to a corona discharge near the
point electrode. The electrons drift toward the low field re-
gions and in electronegative gases like air negative ions are
formed by electorn attachment.

Because of the negative space charge, the field in the vicin-
ity of the point electrode is reduced and the corona discharge
is not maintained. A reignition of the corona occurs after the
negative ions have been collected at the anode. This results
in a pulsed corona (Trichel pulses), as shown in Fig. 31 (32).
By increasing the voltage, the drift velocity of the negative
ions is increased, which also increases the repetition rate of
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Figure 30. (a) Field distribution without
(1) and with (2) space-charge-induced
field distortion for positive point-plane
electrode and (b) negative point-plane
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Figure 31. Transition of pulsed corona (Trichel pulses) to stable co-
rona; gap distance d = 2 cm; N, with a tiny addition of Oy p = 0.8
bar; timescale: 0.1 us/division (32).

the corona pulses. When the loss of ions by drifting to the
anode is equal to the generation rate, a stable corona is main-
tained. In nonattaching gases no negative ions are formed
and no pulsed corona occurs.

Because critical avalanches develop, a positive space
charge is left at some distance from the negative-point elec-
trode, which results in a significant increase of the field near
the point electrode [Fig. 30(b)]. In the vicinity of the anode
the negative space charge results in some increase of the field.
The outcome is a more homogeneous field distribution in the
main part of the gap, which results in a rather high break-
down voltage.

£

Vi (162)

(positive point) < (negative point)
For ac voltage stress, the positive half-wave is decisive and
breakdown occur at its peak value Vg:

V= (163)

VB positive point

Streamer Discharge

Breakdown in a nonhomogeneous field is initiated by a
streamer discharge, which in case of very low values of 7 (Fig.
29) develops from a stable corona discharge. There are no dif-
ferences from the mechanism described in Evaluation of the
Streamer Mechanism. However the strong gradient of the
field causes some special effects. According to the polarity of
the high-field electrode, a distinction has to be drawn between
the positive and the negative streamer.

Positive Streamer Discharge. In the vicinity of the positive
high-field electrode, which has a corresponding low electrode
radius, the limiting field p(E/p), is exceeded. A first electron
avalanche develops toward the anode. If the electron ava-
lanche reaches its critical size in front of the avalanche head
and at the avalanche tail, as shown in Fig. 17, a significant
field increase occurs. Photons are emitted from the avalanche
head and in the region behind the avalanche tail, where be-
cause the field enhancement of the limiting field is exceeded,
new avalanches are initiated. These avalanches move toward
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Figure 32. Development of the positive streamer discharge (33): 1—
former streamer head; 2—streamer channel; 3—photon emission; 4—
primary electron; 5—avalanche; 6—new streamer head.

the positive space charge of the initial avalanche and neutral-
ize this positive space charge. Thereby a new center of posi-
tive space charges is formed, which moves toward the cath-
ode. The heads of successive streamers will be located there.

This streamer development is shown in Fig. 32 (33).
Around the head of the streamer with positive charge is (1)
an area with active ionization. At the boundaries of this area
the field is reduced below the limiting field p(E/p),. In this
area (3) photoelectrons induce new electron avalanches (4, 5),
which develop concentrically toward the streamer head. The
large number of electrons entering the streamer head neu-
tralizes the positive space charge at this location. However
during their development a new center with positive space
charge is formed (6), which has been moved toward the
cathode.

Behind the streamer head a channel with low conductivity
(2) remains. Because of the reduced field within this streamer
channel, no further ionization occurs. The streamer can de-
velop toward the cathode as long as the space-charge field at
the streamer head combined with the basic electrostatic field
are sufficient to generate new avalanches. The required mini-
mum electrostatic field E,,, in dry air is 4 kV/cm (34). There-
fore the maximum range of the streamer increases with the
homogeneity of the field. The mean streamer gradient has the
same order of magnitude as E,,. In Ref. 35 a value of 4 to 5
kV/em was found.

Negative Streamer Discharge. In the case of a negative high-
field electrode primary electrons are also emitted from the
cathode. An avalanche develops toward a decreasing field.
However, because the field is enhanced by the negative
charge of the avalanche head an area with active ionization
is also available (E > p(E/p),). After the first avalanche
reaches its critical size, new avalanches are induced within

this area by photon emission. Therefore neutralization of the
negative charge of the first avalanche head and the positive
charge within the tail of the successive avalanches occurs.
The charge within the head of the successive avalanches form
a new negative streamer head.

Because the streamer head in this case is formed by elec-
trons with high mobility according to Eq. (112), a larger ra-
dius is obtained compared with the radius of the head of the
positive streamer. This results in a lower charge density and
accordingly in a lower field enhancement. Therefore the mini-
mum electrostatic field E,,, which is required for the
streamer propagation, is much higher and amounts to be-
tween 13 to 18 kV/em (36). The gradient of the negative
streamer is also much higher than that of the positive
streamer and amounts to between 7 to 10 kV/cm (35).

Leader Discharge

Leader discharge is typical for a very large gap width and
switching-impulse voltage. Because much lower breakdown
voltages occur for positive polarity of the high-field electrode,
this case is relevant for dimensioning and has been investi-
gated in detail (37—-40).

The structure of the positive leader is shown in principle
in Fig. 33. The leader can be separated into the leader chan-
nel (1), the leader head (2) and the leader corona (3). In the
leader channel with diameter d, a rather high current density
exists. Therefore thermoionization occurs in the leader chan-
nel at high gas temperature 7. Because of the high degree of
ionization the leader gradient is rather low. The following
data are typical for a leader channel about a meter long in
air (38):

i, ~06---1A E_ ~15kVlem dj <3mm T~ 5000°C
(164)

The key factor for leader development is the supply of en-
ergy by the leader current i;, through the leader channel (1).
Energy is required to maintain the high leader temperature

High-field electrode

-

Figure 33. Leader development (33): 1—leader channel; 2—leader
head; 3—Ileader corona; 4—streamer head of the corona; 5—Ilimit of
the ionization range.
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Figure 34. Discharge development in a 10 m rod-plane gap stressed
with switching impulse voltage of critical shape 500/10000 us and
amplitude V., = 1760 kV (33); (a) voltage impulse, crest time ¢, = 500
wus; (b) framing photos of the discharge development (41); exposure
time 10 us; (c) schematic drawing of the temporal and spatial dis-
charge development; (d) discharge current at the high field electrode
(rod).

and thermoionization. Part of this energy is transferred from
the leader head (2) to the leader corona (3). The leader corona
is spread within an area starting from the leader tip to the
limit of the ionization range (5), where the field is reduced
below the limiting field p(E/p),. Within this area streamer-
like discharges occur (4), which start successively from the
leader head.

An experimental analysis of leader discharge is shown in
Fig. 34 (41). Three different stages of development can be dis-
tinguished: the first corona (1), the leader development (2-3),
and the breakdown development or final jump (4). After the
corona inception voltage V, is exceeded at time ¢, a corona
discharge develops from the tip of the high-field electrode,
which consists of single streamer-like discharges. Those
streamers develop within the discharge volume as long as the
required minimum basic field E,,;, of approximately 4 kV/cm
is available. Because this range is less than the electrode dis-
tance, the gap cannot be bridged by a streamer.
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Because the positive space charge in the streamer heads,
the field in the vicinity of the high-field electrode is reduced,
which results in extinction of the corona. After some increase
of the applied impulse voltage the field, which is required for
corona inception, can be obtained again. The successive co-
rona, however, can proceed a certain distance toward the
plane electrode. This process may be repeated several times
proceeding with development of the corona discharge.

The second stage starts at ¢, with the inception of the
leader discharge at the high-field electrode. Then the direc-
tion of the leader progression diverts significantly from the
direction of the applied external field. During the investiga-
tions described here, which were performed with switching-
impulse stress of critical shape (minimum breakdown volt-
age), the mean velocity of the leader and the leader current
are assumed to be constant. Such optimum conditions for
leader development are obtained, if the temporal increase of
the applied voltage is equal to the increase of the mean volt-
age gradient of the leader, which is caused by the leader pro-
gression.

The short luminous phenomena of the leader development
(5) together with a current impulse (6) indicate a noncontinu-
ous progression of the leader corona. Such phenomena prefer-
ably occur together with a change of direction of the leader
progression, where other areas of the discharge volume have
to be crossed by the streamer corona. These steps in the de-
velopment are comparable with the occurrence of the first co-
rona (1).

At time ¢; the corona streamer in front of the leader head
reaches the plane electrode (4). Now the last phase of the dis-
charge development, called the final jump, occurs. In this
phase a continuous high conductive plasma channel is
formed, and at time ¢z the voltage collapse occurs. This final
phase is greatly influenced by the impedance of the test
circuit.

The main reason for the low breakdown voltages obtained
when the leader mechanism occurs, is the low gradient Ei,
within the leader channel. Detailed investigations (39) have
shown that this gradient is reduced from an initial value of
approximately 5 kV/cm to values from 1 to 1.5 kV/cm.

The leader development is closely linked with the rate of
increase of the applied external voltage, and an optimum
leader propagation is observed for a certain rate, which re-
sults in a typical minimum breakdown voltage. This mini-
mum is achieved for a crest time ¢, of the switching-impulse
voltage, illustrated in Fig. 35. At this minimum an optimal
development of the leader occur because the potential at the
leader head V and the progression of the leader development
are nearly constant. As mentioned before, this requires that
the temporal increase of the applied voltage is equal to the
increase of the mean voltage gradient of the leader, which is
caused by the leader progression.

For short crest times ¢, < ¢ an initially increased leader
gradient is obtained. However, because of the early decrease
of the double exponential impulse voltage, the potential of the
leader head is reduced before sufficient progression of the
leader occurs. This results in an increased breakdown
voltage.

For long crest times ¢, > t.; the increase of the voltage
gradient during the progression of the leader cannot be com-
pensated for by the increase of the applied impulse voltage.
Therefore the potential at the leader head is reduced signifi-
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Figure 35. Influence of the crest time on the 50% breakdown voltage
Viso of a positive rod-plane gap, d = 4 m (35). V,—potential at the
leader head; (a) and (b) continuous leader; (¢) noncontinuous leader.

cantly. Thereby the leader progression is impeded and may
occur noncontinuously. This effect also results in an increased
breakdown voltage.

A distinct minimum of the switching impulse resistance
voltage occurs at ¢, = tuy (Fig. 35). This minimum depends
on the gap width d. For decreasing gap width #.; is reduced.
The dependency of the 50% breakdown voltage Visomi, at £ of
a positive rod-plane gap on the gap width d is given by an
empirical formula (42,43):

34
8m
1+ —
d for

VB min — MV

2m <d < 15m (165)
d
borit = (355 + 50) S

Vi min = (1.4 +0.055 1) MV
m for d>15m (166)

d
tcrit =50 E Hus
BREAKDOWN CHARACTERISTICS FOR TRANSIENT VOLTAGES
For impulse-voltage stress, the temporal development of the

discharge has to be analyzed in detail. During discharge de-
velopment, the statistical time lag #s, the formative time lag

ty and the spark formation time ¢y are observed. As shown in
Fig. 36, the required limiting field £, must be available, which
requires the voltage V. For the steep-fronted impulse Vj is
applied without delay. For the double exponential impulse the
time ¢, is needed until V| is applied.

Primary electrons are needed to develop the first ava-
lanche. The generation of primary electrons, for instance, by
cosmic or terrestrial radiation is a statistical process. There-
fore the statistical time lag ¢s, which is needed until a suffi-
cient number of primary electron is available in the critical
discharge volume, may have a big scatter and strongly de-
pends on the experimental conditions.

The formative time lag ¢y is needed for the formation of a
critical avalanche, the development of one or several stream-
ers, and in special cases also a leader. Usually the scatter of
this time lag is low.

The spark formation time ¢ is required to increase the con-
ductivity of the streamer channel until the voltage collapse
across the gap occurs. This time lag is comparatively low
without significant scatter.

Statistical Time Lag

Primary Electron Rate. To generate primary electrons, a dis-
tinction must be made between nonattaching and attaching
(electronegative) gases. In the latter, the generated electrons
are attached rather quickly and only a few primary electrons
are available. Therefore a large statistical time lag with high
spread occurs. Because atmospheric air has weak electronega-
tive characteristics, similar effects occur. In nonattaching
gases like N,, lower statistical time lags are to be expected.

For electron multiplication, the effective ionization coeffi-
cient o — 1 depends strongly on the electric field. In attaching
gases, the reduced field E/p must exceed the limiting reduced
field (E/p), until positive values of @ — 1 are obtained and
electron multiplication becomes possible (Figs. 10 and 11).
Therefore for attaching gases only those primary electrons
are relevant for electron multiplication which are within the
so-called critical volume where the condition E/p > (E/p), is
fulfilled. For instance, in SFy within the critical volume the
reduced field must exceed 87.7 kV/(cm - bar).

Tonization occurs within the gas volume by cosmic or ter-
restrial radiation (see Photoionization), and electrons to-
gether with positive ions are formed. Depending on the at-
tachment coefficient of the gas, more or less electrons are
attached to neutral gas molecules (see Electron Attachment),
thereby negative ions are formed. Because the attachment co-
efficient is very high in SF; for low fields or without fields
(Fig. 11), only a few free electrons are available in those con-
ditions.

VA VA
Vo~ Vo
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Figure 36. Time lags until breakdown in (a) a voltage step and (b)
a double exponential impulse.
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Figure 37. Reduction of the statistical time lags in SFs by pulsed
UV ionization; n—number of events with a time lag (¢5 + #) greater
than indicated; N—total number of events being investigated; d =
4.2 mm; p = 1.5 bar; relative overvoltage (V — Vp)/Vy = 7%; ps—gas
pressure of the gap used for pulsed UV illumination.

If no field or low fields are applied, the ionization rate of a
gas is very low. In these conditions the recombination of elec-
trons with positive ions is negligible because the density of
positive ions is very low and the probability for such a recom-
bination is proportional to the product of electron density n,
and ion density ni. The probability for attachment of an elec-
tron to a neutral molecule is much higher because the density
of the neutral molecules is high. If the detachment of elec-
trons from negative ions is taken into account, the rate of the
generation of primary electrons is given by

dn./dt = aSny — bnyne +dnny (167)

where the radiation coefficient is a, the radiation density S,
the molecule density ny, the attachment coefficient for ther-
mal particle movement b, the electron density n., the detach-
ment coefficient d, and the density of the negative ions is n;.
A stationary state with respect to the number of electrons is
obtained for

dne/dt =0 (168)
Therefore the number of primary electrons per unit volume
n., available for avalanche formation is given by

ne = S5 An (169)
b
As can be seen from Eq. (169), the number of primary elec-
trons is greatly influenced if the radiation density is in-
creased, for instance, by UV illumination of the discharge vol-
ume or the electrode surface (see Photoemission). This
phenomenon is demonstrated in Fig. 37 for a small SFy; gap
with approximately homogeneous field distribution (44,45).
The amplitude of the applied dc voltage is only 7% more than
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the dc breakdown voltage. In these conditions very long sta-
tistical time lags have to be expected in SFy;. However, if the
number of primary electrons is increased by the UV radiation
of a pulsed gap, the statistical time lags are greatly reduced
and may approach the limiting value of approximately 100
ns, which must be regarded as the formative time lag for that
special condition. This is nearly obtained if the gas pressure
of the pulsed gap is increased to ps = 2.5 bar.

An optical investigation of the prebreakdown phenomena
in SF; for approximately homogeneous fields (46) showed
clearly that the primary electrons are generated by the UV
illumination mainly at the electrode surface by photoemission
(see Photoemission). But only those generated at the cathode
surface are effective because those generated at the anode
surface are immediately drawn back to the anode. This can
be seen from the series of high speed photographs with an
exposure time of 1 ns shown in Figs. 38 and 39. The break-
down voltage V3, the exposure time referred to the beginning
of the voltage collapse t.,, and the relative luminous gain of
the high speed framing system G are indicated for each
frame.

In both cases the discharge starts at the cathode, which
Fig. 38 (positive polarity of the high-field electrode) is the low
field electrode. For this reason for positive polarity of the
high-field electrode a higher overvoltage is required to obtain
similar discharge development.

Such additional ionization by UV illumination is an effec-
tive measure for reducing the spread of measured results,
which, especially in attaching gases, would otherwise require
extensive statistical evaluation.

If no additional ionization is available, the number of pri-
mary electrons in attaching gases is increased by detachment
(47) when the applied voltage is increased. The analysis of
these phenomena is very complicated especially because in
practical application double exponential voltage pulses are
the main interest and the exact shape of this voltage would
have to be taken into account for such an analysis.

Additionally, if higher fields are applied, primary electrons
are released from the cathode surface by field emission (see
Field Emission). This effect has to be taken into account if
high surface roughness at the electrodes occurs and high gas
pressure are used (see Surface Effects). In SFy with a techni-
cal quality electrode surface gas pressures of more than 3 bar
are usually required (1). However, this effect is relevant only
if the cathode is the high-field electrode because otherwise
these electrons are not available within the critical volume.

Usually in these conditions experimental data for the effec-
tive rate of generating primary electrons (dn/dt), are re-
quired. From such experiments (48) the following range for
(dn/dt), can be specified for impulse voltages of the shape 1.2/
50 us:

|:d—ni| =0.1to1 (170)
0

dt cm3 us
The observed range is caused by the spread of cosmic and
terrestrial radiation.

As can be seen from the measured results (48) plotted in
Fig. 40, no pronounced dependency on the applied impulse
voltage is observed. This indicates that under the conditions
being investigated surface-related generation of primary elec-
trons does not play an important part.
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Figure 38. Optical analysis of the breakdown development in SFy for rectangular impulse volt-
age; negative polarity; UV ionization; p = 1 bar; d = 8 mm; relative overvoltage (V — V3)/Vp =

55%; 7 = 0.62.

Effective Electrons for Avalanche Formation. From Eq. (170)
an estimate of the number of free electrons per unit time and
per unit volume can be made. But in electronegative gases
not all of them are really effective because very low electron
multiplication is obtained for fields on the order of the lim-
iting field E =~ E, and o/n =~ 1 but with a > 7.

If the first ionization and attachment processes are ana-
lyzed in such cases, it is evident that statistically a single
electron is not sufficient for avalanche development. During
the first collision, which causes attachment or ionization, at-
tachment or ionization occur with nearly equal probability.
Therefore after this first collision this electron is attached

with 50% probability and is no longer available for avalanche
formation. The probability for ionization and the formation of
two electrons is also 50%. For those that can also collide with
molecules, the relevant probability for attachment is also
50%. The probability for the attachment of both electrons is
25%. After the second series of collisions the probability for
attachment is 62.5% for each electron.

As a mean value, 1.6 primary electrons are required if ava-
lanche growth is to be maintained after the second series of
collisions. For higher fields and larger values of a/7n fewer pri-
mary electrons are required. According to a statistical analy-
sis (49) only a fraction g(E)
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Figure 39. Optical analysis of the breakdown development in SF; for rectangular impulse volt-
age; positive polarity; UV ionization; p = 1 bar; d = 8 mm; relative overvoltage (V — V3)/Vy =

75%; 1 = 0.62.
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Figure 40. Effective generation rate of primary electrons (dn/dt), for
coaxial cyclindrical electrodes with different lengths depending on the
applied impulse voltage V (1.2 /50 us) related to V, (48).
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of the primary electrons are effective for avalanche growth.

The weight function g(E) depends on the reduced field
E/p, as shown in Fig. 41 for SFs (1). Because the development
of an avalanche of critical size is not possible for « < 7, the
weight function g(E) = 0 in this condition. Based on that cri-
terion, a so-called effective number of primary electrons N(¢)
can be calculated, which are located in those parts of the dis-
charge volume where the condition g(E) > 0 is fulfilled.

For this calculation the discharge volume is subdivided by
equipotential lines in volume elements with equal mean field.
For each volume element dV the mean number of effective
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Figure 41. Weight function g(E) = 1 — n/a and reduced effective
ionization coefficient (« — n)/p for SFg (1).
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electrons N(¢) can be calculated (50)

dN ) dn
=| = E 172
p [dt]og( ydVv (172)
t

N@t) = (d—n> / [ g(E)dV dt (173)

dt /g tg JV

where the gap volume is V and the time ¢, when the maxi-
mum field in the gap exceeds the limiting field E, at voltage
V,. With the weighted volume V,

Ve = / gEYIV (174)
v
the mean number of effective electrons is given by
dn t
N@) = (-) V,dt (175)
dt /o J,

Equation (175), called the volume—time law (51,52), gives the
mean number of electrons effective for avalanche growth.
Even for a specific electrode arrangement, the weighted vol-
ume V, and the mean number of effective electrons depend on
the voltage and also on the time, if the voltage is not constant.
For ¢ = ¢, we obtain:

Ve)=0 for V <V,
N@)=0 for V<V,

(176)
(177)

and t <¢,

and t <¢,

For ¢+ > t, the mean number of effective electrons N(¢) in-
creases. According to Eq. (175), the probability dP.(¢) for the
availability of an effective primary electron in the time inter-
val dt is given by

dP,(t) = (‘;—’Z)O V() dt (178)

Breakdown can be initiated only in this time interval, if it did
not already occur. If the probability for a breakdown in the
time interval between 0 and ¢ is P(¢), then the probability that
no breakdown will occur in this time interval is 1 — P(¢). In
the time interval between ¢ and ¢ + dt, therefore, the proba-
bility for a breakdown will be:

dP¢) =[1—-P(t)] (d—”> Vy(t)dt (179)
dt /o
The solution of this differential equation is (53):
¢
P(t)=1—exp|— (d—”> f V() dt (180)
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Figure 42. Impulse voltage, distribution of the occurrence of break-
down, and density of the breakdown probability (solid lines are calcu-
lated; points and bars are measured values) for breakdown in SFg
(51).

From Fig. 42 it can be seen that by this method of calculation
the probability for breakdown can be analyzed rather pre-
cisely. On the left side of the diagram, within the course of the
impulse voltage, the value of the impulse resistance voltage
Vo, and the measured values of the breakdown voltages have

been marked. The density of the calculated and measured val-
ues of the breakdown probability are shown on the right side.

Formative Time Lag

The time for avalanche multiplication together with the time
for streamer propagation is the formative time lag ¢p.

After the availability of effective electrons, the time for av-
alanche multiplication to the critical size N,, is rather short.
Mainly depending on the gas pressure and the overvoltage,
time intervals between 10 ns and 100 ns are typical. Longer
time intervals occur if successive electron avalanches develop
in cases of very low overvoltage.

The time for streamer propagation is also strongly influ-
enced by parameters like gas pressure, gap width, and field
distribution. As shown in Fig. 14 this time can be extremely
short and is less than 10 ns in small gaps and for high gas
pressure.

The variety of possible situations is nearly unlimited given
the influence of the overvoltage. To give some idea of practical
situations, an example is given in Fig. 43 for the formative
time lags of rather small gaps in N, (54). For a nearly homo-
geneous field distribution, the data indicate formative time
lags in the order of 100 ns for overvoltages of a few percent.
For nonhomogeneous gaps, the situation is more complicated
because higher overvoltages are required to obtain these
rather low formative time lags. In SFg, these characteristics
differ significantly (54).

For larger gaps and approximately homogeneous field dis-
tribtion many successive streamers, as described in Streamer
Discharge, develop. It is not practical to perform calculations
for this development. Good results, however, have been ob-
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Figure 44. Model of streamer propagation (55).

tained by using an empirical equation, the voltage-time-area
criterion (55).

This criterion is developed from a simple physical model.
It is assumed that the progression of the streamer channel
occurs with a velocity v(x, t), which varies with the location
and the time (Fig. 44). At the location x and the time ¢ the
propagation is given by

dx =v,(x, t)dt (181)

For fields smaller than E,(x), based on the applied voltage
V1, no streamer propagation occurs.

U, t)=0 for E(x,¢t) <E;(x) and V()<V; (182)
For V(¢t) > V; the threshold field E(x) is exceeded and
streamer progression occurs with a velocity, which is assumed
to be proportional to the difference between the actual field
and the threshold field:

Ui, ) =K[E(x, t) —E{(x)] for E(x,t)>E{(x) (183)
The influence of space charges is neglected. Therefore the
field E(x, t) can be calculated on the basis of the value of the
voltage V(¢) at the time ¢ and a function g(x), which depends
on the electrode geometry:

Ex, t)=V(#t)g) (184)

Accordingly the threshold field E(x) is calculated from the
voltage V:

E (x) =Vigx) (185)

The velocity of the streamer progression is obtained from Eqgs.
(183)—(185)

ve(x, 8) = Kg@)[V ) — V] (186)
From Eq. 181 the result is
d 1 dx t1Htger
- == = V@) —V,ldt (187)
o K g /tl =

The left side of Eq. (187) depends only on the electrode geome-
try. The right side is given by the voltage amplitude and
shape related to the threshold voltage. The lower integration
limit ¢, corresponds to the start of the streamer progression.
At the upper limit ¢; + tg, the streamer has reached the oppo-
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site electrode. Because the left side of Eq. (187) is constant
for a specific electrode geometry, the voltage—time—area crite-
rion is given by

t1+tStr
/ V() - V,ldt = A (188)
t

1

The voltage—time area A depends on the electrode geometry
and increases with the gap width d. Therefore it is appro-
priate to use the reduced voltage—time area A/d, which can
be considered constant, if classification of the geometry of the
gap is performed before according to Table 10 (56).

For small gap widths and approximately homogeneous
field distribution, the reduced voltage—time area is also de-
fined as A/V, (57,58).

If the threshold voltage V; and A are known for a certain
gap, the impulse resistance voltage for any applied voltage
shape can be determined by using the voltage—time—area cri-
terion, as long as the total time lag is determined mainly by
the streamer formation. Therefore the threshold voltage is
identical to the breakdown voltage for long-term voltage
stress. As an approximation, the voltage—time—area criterion
can also be used in the case of leader discharge.

Spark Formation Time

After the formative time lag has passed, an additional phase
with the duration ¢z is needed to complete the breakdown by
forming a highly conductive spark channel, which is followed
by voltage collapse. This spark formation time ¢z can be de-
scribed by several spark laws.

The following calculation is based on Toepler’s spark law
(59,60) which is supported by a simple physical model (61).
The spark law of Rompe and Weizel (62) has similar charac-
teristics but does not provide any advantage nor higher preci-
sion. The spark law of Braginskij (63) is better suited to de-
scribe the rapid expansion of the spark channel after the
completion of the voltage collapse, but this feature is not im-
portant within high voltage engineering. A recent comparison
has again shown the superiority of Toepler’s spark law (64).

The following model provides some explanation for the
background of Toepler’s spark law (61). It is assumed that a
weakly conducting channel is formed after propagation of the
streamer between the electrodes. As the gas temperature is
still rather low within this channel, thermoionization (see
Thermoionization) is neglected. The conductivity of this chan-
nel is increased by collision ionization. Due to the low mobil-
ity of the ions the current is caused only by the movement of
electrons. The current density S is obtained from

S =eneb.E (189)

Table 10. Reduced Voltage-Time Area A/d for Different Gap
Geometries in Air”

Electrode Arrangement A/d, kV - us/m
Positive point—plane electrodes 650
Negative point—plane electrodes 400
Positive point—point electrodes 620
Negative point—point electrodes 590

“ Ref. 56.
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where the electron densities n., the electron mobility 5, and
the axial field E in the spark channel. According to the effec-
tive ionization coefficient a—m, the following increase of elec-
tron density dn,. is obtained by collision ionization:

dne = (@ — n)nedx (190)
during the movement on the path dx:
dx = b.E dt (191)

The temporal increase of electron density is obtained from
Egs. (190) and (191):

dne . dne dx _

A g (@ — n)nebE (192)

Combined with Eq. (189), the electron density at time ¢ after
the start of the formation of the spark channel is obtained
from Eq. (192)

. t
ne(t)=°‘e—”/o Sdt (193)

The time-dependent specific resistance p = E/S of the spark
channel is calculated from Eq. (189) and (193):

1

— (194)
(@ —mbe Ji Sdt

o) =

If a homogeneous current density is assumed within the
spark channel of area Ay, which is assumed to be approxi-
mately constant, the time-dependent resistance of the spark
channel with length d is given by

d d
Re)=ptt) == —— & (195)
PO = PO (o — b [L idt

Because the effective ionization coefficient (o« — 7)) increases
with the field £ (Figs. 10 and 11) and the electron mobility
b. decreases with E [Eq. (46) and Fig. 6], the product of both
is regarded as constant:

1
(¢ — n)be = — = const

196
For (196)
Thereby Toepler’s spark law is obtained:
Ryp(t) = ktTd (197)
idt

0

Experimental data for the spark constant %k, which is slightly
dependent on the breakdown field Ej, are shown in Fig. 45
(65,66). An overview is given in Table 11 (65-67).

To provide some data for the practical application of
Toepler’s spark law, it is assumed that a coaxial line with
characteristic impedance Z;, has been charged to the break-
down voltage V3 of the spark gap with the gap width d and is
discharged across the spark channel with spark resistance
Ry. Based on the equivalent circuit in Fig. 46 and by neglect-
ing the spark inductance Ly and the electrode capacitance

10
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Figure 45. Experimental data for k; in (a) SF¢, (b) N,, (¢) CO,, and
(d) Ar; gap widths 0.5 to 6 mm; gas pressure 1 to 8 bar (65,66).

C,, the discharge current is given by

it) = Vs

e (198)
Ry(t) +Z,,
The discharge current is referred to its peak value:
i V
- Inax = =2 199
P ™ Z, (199

Table 11. Spark Constant & for Different Gases®

Gas kr, Vs/cm
Air (0.45-0.65)-10°*
SFg (0.4-0.65)-10*
N, (0.4-0.55)-10*
Co, (0.5-0.7)-10
Argon (0.9-1.6)-10*

@ Refs. 65—67.
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Figure 46. Equivalent circuit for the discharge of a coaxial line
across the spark resistance.

Combined with Eq. (197) for the spark resistance, this results
in

kod W <1max ) 1—y
[idt i L7PLA Loy (200)
kT Yy
=_L 201
[ ydt B, ) (201)

The solution is obtained by differentiation, separation of the
variables, and partial fraction development (61):

di — k_T dy _ k_T |:1 1 1
Ey y(1—y)? Ep

S+ — 4+ —— _|dy (202
y 1-y (1—w4 y (@202

This results in an implicit solution for the referred discharge
current:

kT< y 1 )
= — 1 _— _—
¢ 7 nl_y+1_y+C

(203)
The physical meaning of the integration constant C is the fact
that any spark law can describe only the high-current phase
of the discharge development, so that a minimum initial cur-
rent has to be defined. For practical reasons this initial cur-
rent is chosen as 0.01 I,,,,, which results in y = 0.01. The rise
time of the discharge current is obtained from

T, =133-L (204)

Because the circuit in Fig. 46 is purely resistive, this time is
identical to the time for the voltage breakdown across the
gap, which is the spark formation time #3.

Because the spark formation time depends only on the
breakdown field Ej, it is much smaller in SFy than in air at
the same pressure. For very high fields and small spark for-
mation times, it is necessary to take the leakage reactance
into account.

Compared to the other contributions to the time lag until
breakdown, the spark formation time usually is the smallest
part. During many evaluations, it is even not taken into ac-
count, because the beginning of the voltage collapse is already
chosen for the definition of the breakdown.
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Voltage-Time Characteristics

It is assumed that the test specimen is stressed with impulse
voltage of equal shape and varying amplitude. The amplitude
of the impulse voltage is plotted versus the time to break-
down. Thereby the voltage—time characteristics for this spe-
cific impulse shape are obtained. An example of such charac-
teristics is shown in Fig. 47 (68).

Because the time lag to breakdown has a statistical
spread, a band of voltage-time characteristics is obtained. The
lower limit of this band is given by the 0% breakdown voltage
(Vo) and the upper limit by the 100% breakdown voltage
(VIOO%)-

For dimensioning, the lower limit of the voltage—time
characteristics has to be taken into account. These values are
determined by the formative time lag (and the spark forma-
tion time). Very short formative time lags are obtained for
approximately homogeneous field distribution and in gases
with a steep increase in the effective ionization coefficient.
Therefore the voltage-time characteristics of SFg-insulated
apparatus usually are much more uniform than those of air
insulation.
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Figure 47. Calculated (solid lines) and measured (dots) voltage-time
characteristics in SF; for impulse voltage (1.2/50 us) (68).
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FLASHOVER AT INSULATOR SURFACES

Two different arrangements are shown in Fig. 48 where
breakdown development occurs along the surface of an insu-
lator.

In the arrangement shown in Fig. 48(a), creeping dis-
charges occur, which develop perpendicular to the field lines.
Because regular discharges, which would develop along the
field lines, are impeded by the high resistance of the solid
insulating material.

In the arrangement shown in Fig. 48(b), the macrofield is
not influenced by the insulator. However because of
roughness of the insulator surface and tiny gaps at the elec-
trodes (triple-junction), the microfield is likely to be en-
hanced. Especially at high gas pressure and in SF; (because
of the high local electron multiplication), some reduction of
the breakdown voltage compared with that of the gas gap has
to be taken into account. Additional problems occur because
of contamination of the insulator surface by humidity and
other pollution. This aspect, however, is not dealt with in
this article.

Creeping Discharges

With the arrangement shown in Fig. 48(a), creeping dis-
charges can develop along the insulator surface. These creep-
ing discharges are conducted by the contour of the insulator.
A strongly nonhomogeneous field distribution is obtained es-
pecially for larger dimensions of the insulator surface. This
results in a breakdown mechanism similar to the leader
mechanism which usually occurs only in very long gaps of
some meters (see Leader Discharge).

The reason for this phenomenon, which occurs at much
smaller distances of some centimeters, is the high capacity of
the plane electrode and the resulting displacement current
across the insulator. Therefore the frequency of the voltage
and the permittivity of the insulator are important influenc-
ing factors. It is obvious that such a discharge does not occur
during pure dc voltage stress.

Because high displacement currents are generally obtained
for high-frequency voltages (see High-Frequency Breakdown),
it must be expected that for rather short gaps, leader-like dis-
charges also occur.

To develop creeping discharge, the capacitance between a
surface element and the plane electrode is decisive (1). There-
fore the capacitance AC, per unit area is defined. For an insu-
lator thickness d, capacitance is given by

AC, = eger 2 (205)
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Figure 48. Breakdown at the insulator surface. Left: electrical field
perpendicular to the insulator surface; right: electrical field parallel
to the insulator surface.
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Figure 49. (a) Creepage arrangement; (b) with equivalent circuit (1).

(a) (b)

Figure 49 shows the creepage arrangement and its equivalent
circuit. The displacement current is supplied across the
leader-like discharge channel with resistance R:. The area
with the streamer-like discharges and the total involved ca-
pacitance AC

AC = EkAC, (206)
is charged and discharged by this current. A rapid charge of
AC is obtained only if the resistance Ry, is low, so that a small
time constant 1

=R AC (207)
is obtained. Therefore the resistance Ry, is the key factor for
discharge development. The value of Ry depends on the de-
gree of ionization, that is, the heating, of the leader-like chan-
nel. For heating, the energy dissipation in Ry, is relevant. This
energy W, can be approximated from Fig. 49 if the supply
voltage V is assumed as a rectangular pulse:

1
Wy, = 5ACVI% (208)

where Vy, is the voltage across the leader-like discharge. If
Wy, reaches energy Wy, which is required for thermoionization

(see Thermoionization), the leader inception voltage Vi, is
reached:

1
Wi, =

" EACVﬁi (209)

The leader inception voltage is obtained from Eqgs. (205),
(206), and (209):

V.- 2Wr, _ 2Wor d
L EAC, keger
For ac voltage an empirical formula, similar to the results of
the model presented, is used to determine Vi;:

(210)

0.44

V. = 75kV (1 i) 211)

€ cm
Such creeping discharges may not occur in service nor during
test. According to Eqgs. (210) and (211), a sufficient thickness

of insulating material and a low permittivity are required to
obtain a high value of V.

Surface Flashover

The following considerations are focused on discharges de-
scribed in Fig. 48(b). The possible interactions between the
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Figure 50. Possible interfacial effects between gaseous and solid dielectrics (44).

insulator surface and the gas discharge are summarized in
Fig. 50 (44). For that purpose, an insulator model has been
developed, which provides well defined experimental condi-
tions (45). This model is shown in Fig. 51 in both the head-on
(a) and the side view (b). Because of electrode geometry and
the coaxial outer conductor, an approximately homogeneous
field is obtained, and the highest field is at the ungrounded
electrode.

Using this model ensures that the macrofield in the gap is
not influenced by the insulator surface. The insulator surface
is located in the area with the highest macrofield, where the
discharge development is likely to occur. In this way any pos-
sible interaction between the insulator surface and the dis-
charge development can take place. If these conditions are not
met as a result of moving the insulator surface slightly out-
side this area, the influence of the insulator on the breakdown
development is greatly reduced (69).

To focus on the interaction between insulator surface and
gas discharge, any additional effects like contamination of the
surface should be excluded by careful cleaning. Triple-junc-
tion phenomena at the electrode surface should be excluded
by metallic coating the relevant insulator surface. The result
of such investigations (46) is shown.

Comparing the breakdown voltages of N successive flash-
over events in the gas gap shows that in SFs some scatter
always occurs, whereas in N, even at 5 bar the values are
much more reproducible. Insulating only with N, at 2 bar, the
scatter of the breakdown voltages is small. At 5 bar, reduced

[ 1 £ ]
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Figure 51. Insulator model for surface flashover experiments (45);
(a) head-on view; (b) side view.

breakdown voltages already occur with significant scatter
(Fig. 52) (46). This is still more pronounced in SF, especially
for the higher gas pressure of 2.4 bar (Fig. 53) (46). In this
case, the mean value of the breakdown voltage is also signifi-
cantly lower than in the gas gap. As the macrofield in N, at 5
bar is comparable with that in SF¢, it can be concluded from
the breakdown voltage measurements that the amount of in-
teraction between gas discharge and insulator surface de-
pends strongly on the field or the gas pressure, respectively.

Discharge development can be evaluated by high speed
framing of the prebreakdown phenomena with 1 ns exposure
time. To obtain more information about the interaction be-
tween gas discharge and insulator surface, it is essential to
achieve a three-dimensional view. For this purpose nearly si-
multaneously photographs of the side view and the head-on
view were taken (46). This feature is of special interest if a
high spatial scatter of the prebreakdown phenomena occurs,
which is typical for compressed SFs.

In N, at 2 bar the discharge development is influenced in
the streamer phase only by the insulator. After discharge in-
ception in the gas volume, the streamer approaches the insu-
lator surface and its temporal progression is enhanced (Fig.
54). Therefore the breakdown voltage is nearly the same as
in the gas gap.

For higher gas pressure of 5 bar, discharge inception in
N, also occurs in the gas volume. In that case a rather high
breakdown voltage is obtained. If the discharge inception oc-
curs close to the insulator surface, a lower breakdown voltage
occurs. Obviously, because of the short avalanche length at
high gas pressure, local field disturbances at the insulator
surface become more effective.

In SF at 2 bar the influence of the insulator on discharge
development is already much greater. Therefore discharge in-
ception always occurs close to the insulator surface. This may
occur near both electrodes or even in the middle of the gap
(Fig. 55) (46). In such cases several luminous centers develop,
which remain separated for some nanoseconds. Based on the
very short avalanche length in SFy, it has to be supposed that
these are independently developing discharges. As soon as
they grow together, a continuous prebreakdown channel is
formed. In such cases generally the breakdown voltage is re-
duced significantly.
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Figure 52. Breakdown voltage of the insulator o A
model compared with the gas gap; Ny, d = 10 0
mm (46).

Discharge inception is greatly influenced, especially in
SF, by the microfield at the insulator surface. Therefore the
distribution of the macrofield (see Surface Effects) and, for
instance, the polarity are of minor importance. This could be
confirmed during measurements with negative polarity (of
the ungrounded electrode) where discharge inception may
also occur in the middle of the gap.

In N, at high pressure and in SF in general discharge in-
ception is already influenced by the insulator. The reason
must be the greatly decreased avalanche length, which allows
effective multiplication in the local enhanced microfield at the
insulator. In N,, this effect is limited to the anode region. In
SF it may occur even in the middle of the gap. In such cases,
multiple avalanching takes place, and the breakdown voltage
is reduced significantly.

HIGH-FREQUENCY BREAKDOWN
For ac voltage stress, it is generally assumed that the rate of

variation of the amplitude of the sinusoidal voltage can be
neglected during the breakdown time interval, which is re-
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quired for discharge development. For power distribution fre-
quencies and for gap widths of up to approximately 1 m, this
is usually ensured by the rather fast discharge development
caused by the high mobility of the electrons. If space-charge-
induced phenomena are neglected, this results in identical ac
(peak) and dc breakdown voltages. However, for voltage fre-
quency significantly higher than 50/60 Hz it is no longer justi-
fied to assume that a constant voltage stress with the ac peak
voltage is provided during the entire phase of discharge devel-
opment. This results in an influence on the ac breakdown
voltage (70).

Because of the low mobility ions, it can occur in high-fre-
quency voltage stress that not all of the ions generated during
electron multiplication are removed before the voltage polar-
ity reverses. This results in an increasing number of ions
within the gap and in an additional field distortion caused by
space charges. Because of this field distortion the breakdown
voltage is decreased. At very high frequency voltage the mo-
bility of electrons also has to be taken into account. Thereby
avalanche growth is impeded, because the voltage can already
decrease before the critical number of electrons is obtained.
This results in an increase of the breakdown voltage.

o SFg, p = 2, 4 bar, gas gap
4 SFg, p = 2, 4 bar, polyamid spacer
x SFg, p =2, 0 bar, gas gap
o SFg, p = 2, 0 bar, polyamid spacer

Figure 53. Breakdown voltage of the insulator 0
model compared with the gas gap; SF¢, d = 10 0
mm (46).
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For nonhomogeneous gaps, high-frequency voltage stress
causes high displacement currents which induce leader devel-
opment. This happens for rather low gap widths and results
in an unexpected reduction of the breakdown voltage. Usually
the voltage range where such phenomena occur is not ob-
tained with steady-state sinusoidal voltages. However, this
phenomenon also occurs with damped oscillating switching
surges, which reach both high amplitude and frequency (71).

High-Frequency Breakdown in Approximately
Homogeneous Gaps

For power distribution frequency, the rate of variation of the
voltage of a sine wave near its peak value is very small. For
instance, at a frequency of 50 Hz the voltage is equal to or
higher than 99% of the peak value during a time interval of
nearly 1 ms. In comparison, times which are required for dis-
charge development (see Breakdown Characteristics) are so
long that no influence of the variation of the voltage ampli-
tude on discharge development is expected. Therefore for
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11/1000
Figure 54. Discharge inception in N, d = 10 mm,
p = 2 bar, Vy = 57.1 kV; upper: side view, lower: head-
10/1000  on view; —11/1000 means: Texp = —11 ns is the moment

of exposure (zero is the beginning of the voltage col-
lapse): G;, = 1000 is the relative luminous gain of the
image recording system (46).

power distribution frequency, if space-charge phenomena are
excluded (see Breakdown in Nonhomogeneous Fields), the ac
breakdown voltages are essentially the same as the dc break-
down voltages.

For significantly increased frequency, the amplitude of the
voltage already decreases or even the polarity reverses before
discharge development is finalized. Therefore both the limited
mobility of the ions and the electrons are responsible. Because
of the much lower mobility of ions, the influence already oc-
curs at rather low voltage frequency, whereas the mobility of
electrons must be taken into account at much higher fre-
quencies.

Ions generated during any prebreakdown phenomenon
have to be removed from the gap. At high voltage frequency
this may not be possible before polarity reversal occurs, re-
sulting in a space charge-induced field distortion. Thereby the
breakdown voltage is reduced, as described in detail later.

At very high voltage frequency the velocity of electrons
[Eq. (50)] also has to be taken into account for such considera-
tions. Thereby the avalanche growth is impeded, which re-

11,7/1100

10,7/1100

10,7/1100

9,7/1100

Figure 55. Discharge inception in SFg; d = 10 mm;
p = 2.4 bar; Vg: 153.7 kV (upper), 185 kV (lower)
(46).
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Figure 56. Breakdown at high-frequency voltage; air, approximately
homogeneous field (73).

sults in an increase of the breakdown voltage, also described
later. This phenomenon becomes effective at frequencies on
the order of some 10 MHz, which usually only occur in RF
transmitters (72).

Therefore the resistance of gaps with approximately homo-
geneous field distribution has a typical frequency dependency
with a distinct minimum, as shown in Fig. 56 (73). Only for
very small gaps of less than 1 mm essentially no frequency
dependency of the breakdown voltage is observed because dis-
charge development is very fast and practically no ions re-
main within such small gaps.

At power distribution frequencies, the ions generated dur-
ing electron multiplication processes at the peak value of the
applied sinusoidal voltage are completely removed from the
gap in the time interval with decreasing field before the volt-
age polarity reverses. This can be shown by a simple consider-
ation, where only the positive ions are regarded. In the case
of electronegative gases, because of the effect of negative ions
and the possible neutralization of space charges, this effect is
smaller (70).

It is assumed that positive ions have been generated at the
peak value of the applied voltage and that the majority of the
ions are near the anode. During the following quarter period
of the sinusoidal voltage, the positive ions move back to the
cathode and are collected if no polarity reversal of the applied
voltage occurs before all of them arrive at the cathode. Ac-
cording to Eq. (31), the ions move the following distance s;
during that time:

t/4 t/4
Sy =/ v(t)dt =/ bE (t)dt
0 0

Because the applied external field decreases from its initial
peak value E, the result is given by

(212)

t/4 E E
s, = /(; bE cos(wt) dthO | sin(wt)|f)/4 = bE,

o f (213)

According to Eq. (50), an initial velocity v, = bE, of approxi-
mately 0.6 mm/us can be assumed for ions in air at a pres-
sure of 1 bar. At a voltage frequency of 50 Hz, this would
result in a distance s; = 1.91 m, which would be relevant only
for very large gap widths d.

However, by increasing the frequency, the ions move only
a correspondingly smaller distance until the polarity of the
voltage is reversed. This is shown in Fig. 57. After being gen-
erated at the voltage peak, the ions move toward the cathode
[Fig. 57(a)]l. At the moment polarity reverses [Fig. 57(b)] a
significant part of the positive ions have not reached the cath-
ode. After the polarity reversal the remaining ions are moving
in the opposite direction toward the new cathode [Fig. 57(c)].
However, during that time interval not all positive ions reach
the cathode. Therefore a positive space charge remains within
the gap.

During the negative part of the sinusoidal voltage the posi-
tive ions move by the following distance s,:

seya _ _bEq

=L p e

3t/4 bE
S = / bE cos(wt)dt = 0| sin(wt)|
t/4 w

In case condition |s,] = d cannot be fulfilled, positive ions re-
main within the gap and a reduction of the breakdown volt-
age has to be expected. From this condition a critical fre-
quency f.;; based on Eq. (214) can be defined:

bE
faiv=—7 (215)
In air at 1 bar this results in
200
ferit & d/mm kHz (216)

Beginning with £, some reduction of the breakdown voltage
occurs, as already shown in Fig. 56. The dependency of the
critical frequency on the gap width can be seen more clearly
from Fig. 58 (74).

For much higher voltage frequency, the mobility of the
electrons also has to be taken into account to evaluate the
influence of the frequency on breakdown development. Ac-
cording to Eq. (50) at the peak value of the voltage an initial
velocity v, = bE, of approximately 150 mm/us can be assumed
for electrons in air at a pressure of 1 bar. If the resulting
transit time of electrons becomes significant compared with
the period of the high-frequency voltage, an increase of the
voltage amplitude is required to reduce the transit time. Ad-
ditionally the ionization coefficient is reduced with the de-
crease of the amplitude of the high-frequency voltage from its
peak value. For both reasons the amplitude of the voltage has
to be increased with higher frequencies to create an electron
avalanche of critical size within the available time period.

Therefore the insulating characteristics of rather small
gaps with homogeneous and approximately homogeneous
field distribution with respect to the voltage frequency is sum-
marized by the following statements (70):

* At frequency f.i a reduction of the breakdown voltage
begins. This reduction can be up to 20%.

+ At MHz frequencies, the breakdown voltage has its mini-
mum. By further increasing the frequency, there is a re-
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covery of dielectric strength which will exceed the break-
down strength at power frequency voltage.

High-Frequency Breakdown in Nonhomogeneous Gaps

The influence of frequency on the breakdown voltages is much
more significant for nonhomogeneous gaps (75). This can be
seen in Fig. 59 for rather large gap widths. The critical fre-
quency still coincides reasonably with the approximation
given before. However the amount of the reduction of the
breakdown voltages is already about 50% for rather small
gaps. The results are also strongly influenced by the electrode
configuration. The lowest values were obtained for an un-
grounded point electrode.

It has to be assumed that these phenomena are compara-
ble to those observed in very long air gaps for rather slow
switching surge phenomena (see Leader Discharge). The rea-
son for this phenomenon, which already occurs at much lower
distances of some centimeters, is the high displacement cur-
rent in the leader-like discharges in spite of their short range.
Therefore similar current densities are obtained, which would
occur for leaders more than 1 m long in air.

Usually such strongly divergent fields and high amplitudes
of the steady-state voltage are rare. However a similar situa-
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Figure 58. Breakdown at high-frequency voltage; air, approximately
homogeneous field (74).
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Figure 57. Formation of a positive space
charge at high-frequency voltage; (a) ion
density after the positive peak; (b) ion
A density at the polarity reversal; (c) ion
density before the beginning of the next
sine wave.

(c)

tion may be obtained in the case of damped oscillating volt-
ages of high frequency.

High-Frequency Breakdown for Switching Surges

The development of leader discharges at high frequency volt-
ages also occurs with damped oscillating switching surges
(very fast transient voltages; VFT-voltages), which reach high
amplitude and high frequency (71). This aspect is of increas-
ing interest (76—78), because such phenomena occur in encap-
sulated compressed gas insulated substations and apparatus
and frequencies up to some 10 MHz are generated.

Some recent work is considered here (79,80), which was
performed for a damped sinusoidal voltage stress in the fre-
quency range of 3 to 12 MHz superimposed on a voltage step
(dotted lines in Figs. 60 and 61). The ratio of the first peak of
the damped VFT to the amplitude of the voltage step is in the
range of 1.8 to 2.0, depending on the frequency of the VFT.
To compare the characteristics of attaching and nonattaching
gases, both pure SF; and N, and different mixtures of both
have been investigated.

The electrodes with a Rogowski profile provide a nearly
homogeneous basic field. This is distorted by a steel needle
with a tip radius of 50 um and 3 mm or 10 mm long, which
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Figure 59. Breakdown at high-frequency voltage; air, nonhomoge-
neous field (point—plane electrodes) (75).



166 CONDUCTION AND BREAKDOWN IN GASES
150
kv
120 T
) c
P o s
30 =
P >
5
T c
K]
. 8
£ 8
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for VFT-voltage stress of positive polarity

with a frequency of 6 MHz; --- VFT-volt-

age; —— photomultiplier signals; d = 25
mm; n = 0.025;p = 1.5 bar (79).

is mounted in the center of the high-voltage electrode. The
degree of homogeneity n = E../En. is 0.04 or 0.025 de-
pending on the needle length.

In Fig. 62 the breakdown voltages of the nonhomogeneous
SF; gaps with two different degrees of homogeneity of =
0.04 and 0.025 stressed by VFT-voltage of variable frequency
are shown (79). It can be seen that the VFT-voltage with a
frequency of 3 MHz provides the smallest dielectric strength.
However, the highest dielectric strength is not obtained for
the highest frequency. For all pressures a frequency of 6 MHz
leads to the highest dielectric strength.

In Fig. 62 some areas occur of decreasing dielectric
strength for increasing gas pressure. These areas move to-
ward smaller gas pressure with increasing frequency. This ef-
fect is caused by corona stabilization (81). The characteristics
of corona-stabilized breakdown can be split into three regions
separated by the pressure values p;, and p.. Up to the pres-
sure p; the breakdown strength rises linearly with gas pres-

500 600 ns

sure and is much higher than the corona onset voltage be-
cause of corona stabilization. Between p; and p, the
breakdown voltage reaches a local maximum. After some de-
crease the breakdown voltage coincides with the corona incep-
tion voltage at the critical pressure p. For gas pressure
higher than p., no difference is found between the corona in-
ception and the breakdown voltage.

As indicated by the symbols in Fig. 62, the critical pressure
decreases with increasing frequency and with decreasing de-
gree of homogeneity. The breakdown strength rises slowly but
linearly with the gas pressure for p > 4 bar, that is, in the
region where the breakdown voltage coincides with the corona
inception voltage.

In addition to electrical measurements, optical diagnostics
of the prebreakdown phenomena were done. To record the
prebreakdown phenomena, a solar-blind photomultiplier with
high UV sensitivity (UV-PM) and an infrared sensitive photo-
multiplier (IR-PM) were used. The UV-PM is used to detect

Vver —=
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Vyer —>

Figure 61. UV and IR radiation intensity
for VFT-voltage stress of positive polarity

IR radiation —>

with a frequency of 6 MHz; --- VFT-volt-
age; —— photomultiplier signals; d = 25
mm; n = 0.025; p = 2 bar (8,10).
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Figure 62. Breakdown voltage Vypr of SF¢ for VFT-voltage stress of
positive polarity for different gas pressures (0.1 MPa = 1 bar), fre-
quencies, and degrees of homogeneity; d = 25 mm (79).

the line spectrum of the SF; molecule at a wavelength of
182.3 nm, which has to be expected during streamer incep-
tion. Using an interference filter with a center wavelength of
694 nm, the IR-PM is suited for detecting the line spectrum
of atomic fluorine caused by the dissociation of SFs molecules
during the leader phase. By evaluating such data it has to
be kept in mind that a leader step and a streamer corona
nearly coincide.

The recorded photomultiplier signals show that the dis-
charge mechanism is changing at the critical pressure. For
the 6 MHz VFT a precursor mechanism occurred for the pres-
sure below the critical pressure of 2 bar. Figure 60 shows the
signals of the photomultipliers for a 6 MHz VFT-voltage at a
pressure of 1.5 bar (79). The precursor radiation, that is, the
first peak in the UV signal, starts 20 ns before the first leader
step is initiated. This matches well with the equations for the
delay between precursor and leader inception (82). Break-
down occurs immediately after the fifth leader step.

At the critical pressure a mixture of stem mechanism and
high-frequency mechanism was observed, as displayed in Fig.
61 (79). Ionization, that is, streamer corona and the develop-
ment of leader segments occur shortly after the first four
peaks of the test voltage. It is remarkable that the first leader
segment occurs immediately after the start of UV radiation,
that is, only a few nanoseconds after the first ionization. This
behavior is characteristic of the stem mechanism (76). After
the fourth peak, streamer corona and leader step occur at
both slopes of the VFT-voltage. For one period of the VFT-
voltage, UV and IR radiation are modulated with twice the
frequency of the VFT-voltage. This behavior is typical for the
high-frequency mechanism (76). A stem mechanism was ob-
served for all frequencies of the voltage above the critical
pressure.

The breakdown characteristics of nonhomogeneous gaps
filled with SFs and stressed by very fast transient voltages is
based on corona stabilization and characterized by the follow-
ing regions:

» The region of linear increase of the dielectric strength
with a streamer-based discharge (p < p,).

* The transition region where a local maximum of dielec-
tric strength is found and where, depending on the fre-
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quency streamer to leader transition based on the pre-
cursor, high-frequency or stem mechanism is found (p; <
P <Dpo

* The region where the breakdown strength coincides with
the corona inception voltage that has a streamer leader
transition according to the stem mechanism (p > p.).

Under real conditions in GIS, the resulting waveforms
caused by switching operations are more complex and contain
at least two main frequency components superimposed on a
step voltage in the following frequency ranges (83,84):

» Fast transient components (FT) with frequencies be-
tween 0.1 and 5 MHz.

* Very fast transient components (VFT) with main fre-
quencies below 30 MHz, on which low-amplitude signals
at very high frequencies of up to 100 MHz are superim-
posed.

Voltage shapes with these different frequencies have to be
considered especially when testing gas-insulated discon-
nectors (85). As an example, Fig. 63 shows four types of com-
posite voltage stress in GIS with a subsequent voltage col-
lapse caused by a needle-shaped protrusion. The outcoupling
of the internal traveling surges leads to high damping. The
main high-frequency components depend on the GIS configu-
ration and the section lengths. For a single bus 11.5 m long,
there is a main oscillation with 13 MHz, as shown in Fig.
63(d). The presence of external lumped-circuit components,
for example, capacitive voltage transformers or coupling ca-
pacitors, causes a FT oscillation of about 1 MHz in Fig. 63(a),
(b), and 3 MHz in Fig. 63(c). These external components are
also responsible for different damping of the FT components
in Figs. 63(a), (b), and (c).

The VFT stress has been systematically related to the
lightning impulse (LI) resistance, which is generally the basis
for GIS design. For sound insulating systems the VFT stress
is covered by its resistance to standard LI (1.2/50 us) (84).
Special attention has to be paid when defects are present and
in designing the disconnector itself. The mechanism of discon-
nector-triggered breakdown is well known, and the risk is
covered by standardized tests (85). The nonhomogeneous
fields caused by defects in the insulation system give consid-
erably lower breakdown values. A minimum for LI has an
initiation time of approximately 5 ws. Of special interest is
the breakdown voltage of VFT compared to LI.

The influence of the applied voltage shape can be demon-
strated by comparing the measured voltage—time (V-t)
curves. The breakdown was investigated at a needle—plane
gap, with the needle at positive potential at the end of the
bus duct (86). As an example Figs. 64 and 65 show the mea-
surements for a needle with a length / = 15 mm, a tip radius
of 0.25 mm, a gap width d = 85 mm, and a gas pressure of
p = 3 bar. The V—¢ curve under LI stress is taken as reference
level for the severity of VFT and composite voltage stress.

The VFT component accelerates discharge development.
Thus a VFT shape with small damping [Fig. 63(d)] gives the
lowest breakdown levels. In the case of higher damping, as in
practice, the values converge to the minimum breakdown lev-
els for LI stresses. For composite voltage stresses, the rela-
tionship between the FT and VFT components determines the
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Figure 63. Composite voltage stress in GIS with different FT and
VEFT components (85).

15 us 2.0

resulting insulation resistance level (87). Because of the domi-
nant FT oscillation, the voltage shape according to Figs. 63(a),
(b), and (c) gives similar values compared with LI stresses.
However, transients with a small FT oscillation [Figs. 63(a),
(b)] are more critical than LI stresses.

In the case of LI, the streamer—leader transition and
breakdown can be described by the precursor mechanism (82),
whereas for a VFTO with a high-oscillation frequency and
small damping the high-frequency mechanism (76) has to be
considered. The corresponding simulation models permit com-
puting the discharge development with satisfactory precision,
but only for one type of transient in each case.

A similar tool is necessary to estimate the breakdown lev-
els under composite voltage stress. Based on the physical
background of both mechanisms, a new universal theory for
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Figure 64. V—¢ curves for transient voltage stress; p = 3 bar, I = 15
mm; O—LI stress; ®—composite voltage stress according to Fig.
63(c) and —VFT stress according to Fig. 63(d) (86).

the streamer-leader transition has been developed, the so-
called energy mechanism (87). The corresponding simulation
model allows calculating the leader propagation in SFg with-
out corona stabilization for all kinds of steep-transient volt-
age stresses, such as, for example, LI, VFT, and composite
voltage. The main steps of the calculation are described in
the following.

Discharge development starts with the formation of a
streamer after the reduced limiting field (E/p), = 87.7 kV/
(mm bar) is exceeded. Considering the different field distribu-
tion inside and outside the streamer, its time-varying diame-
ter Dg(¢) [Fig. 66(a)] can be computed for each time step. Sub-
sequently the capacitance C(¢) of this streamer region to the
ground plane has to be determined by precise field calcula-
tion. The transient voltage u*(¢) = u(t) — us(t) and the capaci-
tance C(¢) cause the displacement current i(¢):

du*(t)
dt

L dC@)
+u (t)—dt

i) =C@) (217)

The essential physical effects in the streamer can be simu-
lated simply by the network according to Fig. 66(b). Because
of the capacitance Cy(¢) of the streamer itself, only the part
ig(t) of the displacement current i(¢) causes the thermal losses
which result in thermal ionization. Considering this network,
the ionization current ix(¢) can be calculated by numerically
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Figure 65. V-t curves for transient voltage stress; p = 3 bar,I = 15
mm; O—LI stress; ®—composite voltage stress according to Fig.
63(a) and ———according to Fig. 63(b) (86).
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Figure 66. Model of the energy mechanism. (a) Simulation model,
(b) equivalent circuit.

solving the following differential equation:

. d . .
ig(®) +eopa(1R(t)) =1() (218)

where ¢, is the permittivity of the free space and p the specific
resistance of the streamer channel (87). The ionization cur-
rent ix(¢) and the voltage drop ug(t) along the streamer length
provide a significant energy input into the streamer region:

W@)=[P@)dt = [ ug@®)ig)dt (219)
with P(t) > 0 (87). If the enthalpy rise Ah exceeds 6 to 10 X
10% J/kg, the gas is sufficiently dissociated and ionized for
leader formation. Consequently the former streamer region is
bridged by a leader channel of high conductivity. A new
streamer is initiated at the tip of the leader, and the next
leader steps can be calculated in the same way as before.

This method of calculation requires the applied LI, VFT, or
composite voltage shape, the gas pressure, and the electrode
geometry as input data for the field calculation. The results
coincide very well with the corresponding measured infrared
signals and streak records (87). Leader steps occur only near
the maximum of the FT voltage shape, coincident with the
positive slopes of the VFT component.

The accuracy of the simulation model was tested by com-
paring measured and calculated voltage—time curves for dif-
ferent transients, various protrusions, and gas pressures up
to 7 bar. The varying field conditions are well represented by
the calculations. As an example, Fig. 67 shows the calculated
breakdown voltages under LI and VFT stress according to
Fig. 63(d) for p = 5 bar and [ = 4 mm (87). There is good
agreement between the measured and calculated values. Dur-
ing disconnector operations in real GIS, the composite voltage
stress according to Fig. 63(c) has to be considered. Figure 64
shows that in this case the breakdown values for LI and the
composite VFT are almost the same.

The following work has been performed for SF¢/N, gas mix-
tures (80) under experimental conditions similar to those de-
scribed in the initial part of this chapter. As shown in Fig. 68,
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Figure 67. V-t curves for LI and VFT stress; p = 5 bar, I = 4 mm;
O—Li, +—VFT according to Fig. 63(d); ———calculated curves (87).

an admixture of only 10% SF; to N, increases the resistance
to approximately 70% of that of pure SF¢;. With an admixture
of 25% SFg to N,, the resistance can be increased to approxi-
mately 85% of that of pure SFs. However there are also some
deviations from this characteristic observed and local minima
and maxima of the breakdown voltages occur.

In general the increase of breakdown voltages by corona
stabilization (corona peak) increases with the addition of N,
to SF. However at the same time, the corona inception volt-
ages decreased with reduced SFg content. It is assumed that
the interaction between opposing phenomena cause the local
minima and maxima of the breakdown voltage.

As shown in Figs. 68 and 69 the frequency of the VFT-
voltage does not strongly influence the resistance of pure N..
The resistance of pure N, for positive polarity is only 66% of
that for negative polarity. This behavior agrees with the gen-
eral breakdown characteristics of nonhomogeneous gaps (see
Space-Charge Formation).

For the high-frequency breakdown mechanism it is as-
sumed that for the negative polarity of the VFT-voltage the
head of a negative streamer corona, which contains electrons
of high mobility, will expand by diffusion much more than a
positive streamer head. This results in a smaller concentra-
tion of space charges and in a smaller enhancement of the
electrical field, which results in a higher dielectric strength.

By an admixture of 10% SF; to N,, some influence on the
frequency of the VFT-voltage occurs for negative polarity of
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Figure 68. Breakdown voltage Vi of SF¢/N, gas mixtures for VFT-
voltage stress of positive polarity and different frequencies of the
VFT-voltage; d = 25 mm; n = 0.025; p = 1 bar (80).
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Figure 69. Breakdown voltage Vypp of SF¢/N, gas mixtures for VFT-
voltage stress of negative polarity and different frequencies of the
VFT-voltage; d = 25 mm; n = 0.025; p = 1 bar (80).

the VFT-voltage. By increasing the SF; content to 25% for the
positive polarity of the VFT-voltage a significant influence of
the frequency of the VFT-voltage is also observed. In general
the lowest frequency of 3 MHz provides the lowest break-
down voltages.

A very important observation is that for positive polarity
of the VFT-voltage, pure SF; never provides the maximum
resistance, but mixtures containing between 50% and 75%
SF; have the best performance. This behavior is different for
negative polarity of the VFT-voltage, but because the resis-
tance generally is significantly higher for that case, it is not
decisive for dimensioning.
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