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A theoretical examination is made of the mechanism of formation of cathode- and anode-directed
streamers and the resultant ionized channel in SF¢, at 100 kPa, with a uniform applied field. The
evolution of positive and negative ions, and electrons, is described by one-dimensional continuity
equations, with the space-charged electric field determined by the method of disks. The main
features of streamer formation may be understood by noting that any change in the electric field in
SF¢ causes abrupt changes in the electron density N, and current density J due to either strong net
attachment or strong net ionization which balance at the critical field E*. In the streamer head the
net charge enhances the field ahead of the streamer and depresses the field behind, causing a rapid
increase in N, and J, followed by a rapid fall. The cathode-directed streamer propagates because
photoionization releases electrons ahead of the streamer, while the anode-directed streamer can
propagate, without photoionization, via electrons from the streamer head. The streamer channel is
left with a uniform electric field Ep > E* determined by a dynamic balance between conduction and
displacement currents to maintain the total current.

FEBRUARY 15, 1987

I. INTRODUCTION

High-voltage technology has been greatly advanced by
the use of compressed SF¢ gas as an insulating medium.
For example, an SFg-insulated substation occupies only
10% of the space occupied by a conventional atmospheric
air substation and thus offers considerable economic and
ecological advantages. There is therefore considerable in-
terest in an improved understanding of electrical break-
down processes in SFg, which show some unique features
due to the highly electronegative character of the gas.

Recent studies' ™ have shown that streamers form the
first breakdown phenomena in SF¢. These streamers are
ionizing waves moving in a very narrow channel towards
either the cathode or the anode. The streamer leaves a
thin ionized channel in the cold, neutral gas which subse-
quently develops into a highly conducting heated channel
known as a leader. To understand breakdown and corona
in SF¢ we need to explore the basic properties of anode-
and cathode-directed streamers and of the ionized strea-
mer channel. Knowledge of properties of the channel is
important in predicting corona extensions and deposited
charge in SFg point-plane discharges. These quantities
underly the theory of leader onset.'~3 For convenience
we will refer to the ionized streamer channel as the “strea-
mer trail.”

This paper presents a theory of the structure of anode-
and cathode-directed streamers and streamer channels in
SFs. We use one-dimensional continuity equations for
electrons, positive ions, and negative ions (assuming
equilibrium properties for the electrons), coupled to a
three-dimensional approximation to Poisson’s equation.
This method was devised by Davies et al.’> for streamers
and has since been used by many other authors.®~1° A
full three-dimensional solution is a formidable task''—!*
and it is found that the quasi-one-dimensional approach
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adequately treats the general physics of the problem.'?

The validity of the assumption that the electrons are in
equilibrium with the electric field can be gauged by con-
sidering the work of Bayle and Cornebois,!> who applied a
similar method to streamers in nitrogen. By comparing
solutions obtained with and without the equilibrium as-
sumption, these authors found that the general streamer
structure, particularly in the streamer channel, was not
greatly influenced by the approximation. Kunhardt and
Tzeng'! have also solved Boltzmann’s equation for strea-
mer propagation in nitrogen, and concluded that ‘“the
fluid description is justified”.

The basic equations used in the calculations are dis-
cussed in Sec. II, and the numerical results are presented
in Sec. III under the following headings: A, avalanche
phase; B, formation of the anode-directed streamer; C,
formation of the cathode-directed streamer; D, secondary
streamers; E, the streamer trail; and F, light output.
These results are then analyzed in detail in Sec. IV and
summarized in Sec. V.

II. THEORY

It is known from observation that streamers in SFg oc-
cupy a narrow cylindrical channel between the anode and
the cathode.!~* We describe the axial development of this
discharge by adopting one-dimensional continuity equa-
tions. We expect that ambipolar diffusion in the radial
direction will act to confine the discharge, so that its radi-
al expansion will be of secondary importance. Although
one-dimensional continuity equations are used, we do take
account of the finite radius of the discharge in solving
Poisson’s equation for the distribution of the axial electric
field.

The one-dimensional continuity equations for electrons,
positive ions, and negative ions, including ionization, pho-
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toionization, attachment, recombination, and electron dif-
fusion terms, are
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Here ¢ is the time; x the distance from the cathode; N,,
N,, and N, the electron, positive-ion, and negative-ion
densities, respectively; and W,, W,, and W, are the elec-
tron, positive-ion, and negative-ion drift velocities, respec-
tively. The symbols a, 1, 3, and D denote the ionization,
attachment, recombination, and electron diffusion coeffi-
cients, respectively. The continuity equations are coupled
to Poisson’s equation via the charge density.

The term S is a source term due to photoionization and
is given by

d
S(x)=y, [ Qx—x"INo(x")a*(x") | W,(x") |
X exp(—p | x—x']|)dx', (4)

where 7, is the secondary ionization coefficient for pho-
toionization, a* the excitation coefficient for ionizing ra-
diation, p the coefficient of absorption, and Q is the solid
angle subtended at x’ by the disk charge at x.

It is assumed that the transport properties of the gas
(such as a and W,) are determined by the reduced electric
field E /N, where E is the local electric field and N is the
neutral gas number density. A detailed survey of the elec-
tron and ion transport properties of SF¢ has been pub-
lished elsewhere,'® together with approximate analytical
representations of the data which were used in this study.

The solution of Poisson’s equation, calculation of the
external circuit current, calculation of the light emitted,
the treatment of the boundary conditions, and time step
limitations are all as described in a previous study.’ In
the present study, secondary electron emission from the
cathode is set to zero and the spatial mesh chosen to be
uniform with 181 or 300 mesh points.

It can be shown that, given azimuthal symmetry and
small radial terms, the continuity equations above, com-
bined with a three-dimensional approximation to
Poisson’s equation, embody the Maxwell equation,'’

JE
. — | = 5
\"4 J+€0 at 0 N ( )
where
J=e(N,W,—N,W,—N.W,) . 6)
The total current J',
JE
y=J -, 7
+¢€o 3t (7)

will play an important role in the discussion of the strea-
mer mechanism.

III. RESULTS

Results are presented for streamers propagating along a
100-um-diam channel between parallel plate electrodes 0.5
cm apart, with an applied voltage of 46 kV, in SF¢ at 100
kPa. The calculation is initiated by the release of ~400
seed electrons near the cathode at t=0. The computed
current in the external circuit is shown in Fig. 1. The to-
tal formative time lag is about ~ 10 ns, of which the first
7 ns is taken up with avalanche development, and the next
3 ns by streamers development. After the formative time
lag, the gap is bridged by plasma and the circuit current
rises sharply. We now present results for each separate
aspect of the discharge development.

A. Avalanche phase

The electric field is 92 kV/cm initially compared with
E*=89.6 kV/cm, where E* is the field at which a=7.
Thus the seed electrons multiply, forming an avalanche
which has a peak density of 10> cm~—3 centered at
x=0.17 cm after 7.2 ns. The corresponding peak
positive- and negative-ion densities are 7x10'? and
6x10'? cm~3, respectively, as shown in Figs. 2 and 3.
The circuit current is very small at this time (see Fig. 1);
however, after 7 ns have elapsed, space-charge effects set
in (Fig. 4), leading to streamer development since the net
ionization increases sharply with electric field.

B. Formation of the anode-directed streamer

The peak in electron density moves rapidly from
x=0.17 cm at time t=7.2 ns to x=0.28 cm at time
t=9.24 ns (see Fig. 5) due to space-charge effects associ-
ated with a negative peak in the net charge (e.g., x =0.28
cm and ¢=9.24 ns in Fig. 6). This peak in negative
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FIG. 1. Computed current in the external circuit vs time.
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FIG. 2. Positive-ion density vs position at the times shown
(ns) after the release of the initial seed electrons. The cathode is
at x =0 cm and the anode at x =0.5 cm.

charge, due to electrons [see Figs. 2, 3, 5, and 7(b)], acts
like a point charge with field enhancement on the anode
side of the charge center, and field depression below E*
on the cathode side (Fig. 4). The field enhancement pro-
motes rapid ionization followed by rapid attachment as
the streamer passes. The electron cloud and correspond-
ing field distortion grow rapidly, as shown in Figs. 4, 5,
and 6, and the streamer head moves with a uniform velo-
city of 1.75x 10® cms™! (Fig. 8), reaching the anode in
1.5 ns. The negative charge in the streamer head increases
steadily from 2 < 107 to 4 107 electrons, as shown in Fig.
9, and the current rises rapidly, as shown in Fig. 1.
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FIG. 3. Negative-ion density vs position at various times (ns).
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FIG. 4. Electric field vs position at various times (ns). Ej is
the initial field, E* is the critical field at which =7, and Eyis
the equilibrium field in the streamer trail.

C. Formation of the cathode-directed streamer

The cathode-directed streamer is associated with a posi-
tive peak in the net charge (e.g., x =0.1 cm, t=9.24 ns,
in Fig. 6), which causes a field distortion in the opposite
sense to that caused by the negative charge of the anode-
directed streamer described above (see Fig. 4). The field is
enhanced in the direction of propagation, on the cathode
side of the positive charge center, and depressed on the
anode side.

Note that there is a peak in the electron density which
follows the peak in the net charge, as shown in Figs. 5 and
7(a). The streamer velocity is 8.25% 107 cms™! (Fig. 8),
which is 50% less than that for the anode-directed strea-

B 10.57

e
o
T

10.35

-
o
I

ELECTRON DENSITY (10'4cm?3)

o
T

o 0.1 0.2 0.3 04 0.5
X (cm)

FIG. 5. Electron density vs position at various times (ns).
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FIG. 6. Net charge density vs position at various times (ns).

mer; the net charge in the streamer head is also less (Fig.
9).

D. Secondary streamers

Secondary streamers are characterized by the enhance-
ment of the field behind the main ionizing wave of both

streamers, such as at x =0.38 cm and ¢=10.57 ns for the
anode-directed secondary streamer, and at x =0.07 cm
and at t=10.57 ns for the cathode-directed secondary
streamer (Fig. 4). The passage of the anode-directed
secondary streamer causes the second maxima in the elec-
tron, positive-ion, and negative-ion densities at x =0.36
cm, t=10.57 ns in Figs. 5, 2, and 3, respectively. Unfor-
tunately, the predicted light output from the secondary
streamer (shown in Fig. 10) is only slightly greater than
that expected from the streamer trail, making the experi-
mental detection of such effects difficult.

E. The streamer trail

The electric field in the streamer trail adjusts to a uni-
form, relatively fixed value Ey, just larger than E *, after
the passage of either streamer head. The electron density
and light output from the trail are relatively uniform and
increase with time, as shown in Figs. 5 and 10. The
positive- and negative-ion distributions are similar (Figs. 2
and 3) and combine with the electron distribution to give
a net charge density grading smoothly from positive to
negative (Fig. 6); this gradation maintains the uniform
field in the narrow channel, as discussed by Morrow.!?

F. Light output

The light output (shown in Fig. 10) shows sharply de-
fined points of light associated with the streamer heads,
moving towards each electrode while growing in ampli-
tude. Between the streamers a relatively uniform low lev-
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FIG. 7. Structure of (a) the cathode-directed streamer, (b) the anode-directed streamer at ¢t =10.16 ns. Electric field amplitude,
———; positive-ion density, —. —- —-; negative-ion density, — — —; electron density, — — —; net charge density, — - —- - - .
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FIG. 8. Position of the streamer maximum charge density vs
time. @, anode-directed streamer; X, cathode-directed streamer.

el of light output is predicted with only slight inflections
where the secondary streamers occur.

IV. DISCUSSION

In this section we discuss the bearing of our results on
the explanation of the origins of the various features
found in SF¢ streamer propagation. Seven separate as-
pects will be considered.

A. Avalanche phase

The avalanche-to-streamer transition is predicted by
Pedersen’s criterion'’
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FIG. 9. Net charge density in the streamer head vs time. @,
anode-directed streamer; X, cathode directed streamer.

R. MORROW 35

10.57

s 8
c
3
S 10.35
S
[
o ]
[« N
.4
2
o
[
5 2
3

0

X (cm)

FIG. 10. Light output (arbitrary units) vs position for various
times (ns).

fok(a—n)dx=18 (8)

to occur after the avalanche has traveled a distance
A >0.22 cm, which agrees well with the results in Fig. 4.
The criterion predicts the presence of 6 107 electrons in
the avalanche at that time; this is somewhat larger than
the value shown in Fig. 9 for the number of electrons in
the streamer head. Note that the positive- and negative-
ion densities in SF¢ avalanches are almost an order of
magnitude greater than the electron density.

B. Static interpretation of streamer propagation

It is clear from Fig. 7 that attachment dominates all as-
pects of streamer formation in SFg; for example, the
negative-ion density is always larger than the electron
density except for a small region of the anode-directed
streamer head [Fig. 7(b)]. Photoionization in front of
both streamers liberates electrons, which then ionize, since
E > E*, but which also attach to produce negative ions.
The negative-ion density that develops is just less than the
positive-ion density, while the electron density is an order
of magnitude less (Fig. 7). In the streamer trail ionization
continues at a rate sufficient to maintain the conductivity
against electron losses due to attachment, which causes a
steadily rising negative-ion density.

In the head of both streamers the increase in ionization
activity (shown by the rise in N, in Fig. 7) starts with the
rise of the electric field and continues as the field falls due
to the increased electron density in this region. The
negative-ion density follows this rise in positive-ion densi-
ty through the ionizing wave front, since attachment is
still very strong, even though a>7, and newly released
electrons are rapidly attached.

The role of electron drift at any instant, in either wave
front, is made clear by considering the “new” plasma,
created at that instant, which will have no space-charge
effect until charge separation occurs due to electron drift.
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In the case of the cathode-directed streamer the electrons
will move towards the anode, revealing new positive
charge and neutralizing the space-charge effect of some of
the “old” positive charge; thus the center of net positive
charge [Figs. 6 and 7(a)] and the corresponding field dis-
tortion [Figs. 4 and 7(a)] move towards the cathode. In
the case of the anode-directed streamer, the electrons from
the “new” plasma move towards the anode, revealing their
own negative charge, while the space-charge effect of the
advancing electron-density maximum is neutralized by the
“new” positive charge; thus the center of net negative
charge [Figs. 6 and 7(b)] and corresponding field distor-
tion [Figs. 4 and 7(b)] move towards the anode. Behind
each kind of streamer the electric field is depressed below
E* and electrons attach rapidly, giving a sharp electron-
density fall after the peak.

Thus a determines the rate of creation of “new” plas-
ma, drift determines the rate of charge separation, and 7
plays a dominant role in attaching the electrons and mak-
ing them relatively immobile, thereby limiting the number
of electrons which can drift to move the charge centers.

Photoionization provides electrons ahead of the advanc-
ing field maxima for both streamers [Figs. 7(a) and 7(b)].
It is essential for the propagation of the cathode-directed
streamer which is very sensitive to changes in this process,
while the anode-directed streamer is less sensitive. When
photoionization is set to zero, cathode-directed streamers
are not formed while the velocity of anode-directed strea-
mers is 50% less than that shown in Fig. 8.

C. Dynamic interpretation of streamer propagation

The interaction between the conduction and displace-
ment currents in the streamer can be understood by rear-
ranging Eq. (7) (noting that both J and J' are negative) to
give

S _Lis—jrp. ©)

t €o

Thus, when the current J develops in the streamer chan-
nel, 3E /3¢ must be negative between the streamer head
and the electrodes, where the conduction current is zero.
Near the electrodes, this displacement current density is
distributed over a large area and |3E /3t | is therefore
small, while near the streamer tip |0E /9t | reaches a
maximum. As the electric field reaches a maximum, the
electron density rises rapidly (Fig. 7), and so does |J |,
which causes dE /9t to become positive via Eq. (9). Thus
| E| falls rapidly, eventually below |E* |, and electrons
attach, reducing J. If J falls too far, the dE /3t term
again becomes negative and secondary streamers may re-
sult as an overshoot effect.

Thus once the initial transients in the electric field have
passed, any significant deviation in E away from E* leads
to rapid changes in N, and concomitant changes in
OE /3t, restoring the electric field back to a value close to
E*. (I am indebted to Dr. J. J. Lowke for first pointing
out the importance of E* in SFs.) We can quantify this
effect by evaluating the characteristic time 7 for changes
in the electron density, using the formula

r=1/[(a—n) | W, |]. (10)

For a value of E=0.97E*, 7=5X10" s and N, and J
fall rapidly, while for E=1.03E*, 7=~6X10" s and N,
and J increase very rapidly.

Alternatively we can rewrite Eq. (8) for the case E <E*
in the form

A
[, (n—a)dx =1n(10)=2.3 (1

and find the value of E for which N, decreases by an or-
der of magnitude in a distance A. For A=0.1 cm the
value of E which satisfies Eq. (11) is only 0.7% less than
E*. Thus the field in the stream-
er trail must be confined between the values defined by
Eqgs. (8) and (11). The electric field adjusts to a value E,
which supports the conduction current and its growth.

We can derive an expression for the current in the strea-
mer channel, I, as a function of E if we assume that
0E /9t =0 and that the current density J is due to elec-
trons and is uniform over the channel area A4:

I(t)=—Aeu, |E | N.(O)exp[(a—n)u. | E|t], (12)

where W,=—pu,E, u, is the electron mobility, and N,(0)
is the electron density at the time ¢ =0 when the streamer
channel is established. Thus if I(¢) increases in time and
E changes slowly, we require a>7 and E=Ey > E*.

The properties of the streamer trail have also been con-
sidered by Andersson?’ and Bastien and Marode,?! who
found that the electric field in the trail was higher for at-
taching gases than for nonattaching gas. Andersson con-
sidered the minimum applied field for streamer propaga-
tion, the streamer ‘“guiding field,” and showed both
theoretically and experimentally that this field is higher in
gases with larger attachment coefficients due to the neces-
sity of maintaining the channel conductivity.

D. Comparison with other gases

We can predict the likely behavior of the electric field
in the streamer trail of various gases at atmospheric pres-
sure by evaluating the following critical values of the elec-
tric field:

(1) E, satisfying Eq. (8) for A=0.22 cm,
(2) E* satisfying a(E*)=n(E*), and
(3) E, satisfying Eq. (11) for A=0.1 cm.

The resulting values are shown in Table I for SFg, O,, air,
and N,.

Thus, as discussed above, the field in the streamer trail
in SF¢ is confined to a vary narrow range of E to main-
tain conductivity, while in O, this range could be much
wider. Thus O, forms an interesting intermediate case be-
tween SF¢ and both air and nitrogen, where there is no
lower value of the electric field at which conduction
ceases. In agreement with this, Davies et al’ found
theoretically that in nitrogen the electric field in the
streamer trail was not bounded, but was able to vary while
maintaining the channel conduction via both conduction
and displacement currents. We expect the same behavior
for air and, in fact, experimental results confirming these
trends have recently been obtained by Gallimberti et al.??
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TABLE 1. Comparison of the critical electric fields for vari-
ous gases (kVcem™!).

Gas SF¢ 0O, Air N,
E, 92 43 44.8 49.8
E* 89.6 334 ~23.5

E, 89 29.5

E. Corona extensions and the guiding field

The results presented in this paper have immediate
consequences for discharges in nonuniform electric fields
in SF¢ since a streamer emanating from a point electrode
must leave a streamer trail behind it with an electric field
Eo>E*. The extent to which a streamer may propagate
out into the gap leaving such a trail will be limited via the
equation

d
Vi= [ E-ds, (13)

where V4 is the applied voltage and d the electrode spac-
ing. If the electric field in the streamer trail is E~E*,
then the maximum corona extension /, is given by

V,=E*I, . (14)

This result has been used to predict corona extensions and
charges in SFg.! 3

The result also has consequences for the concept of the
streamer guiding field in SF¢ proposed by Chalmers
et al.* From the discussion above it is evident that strea-
mer propagation cannot be sustained in SF¢ with an elec-
tric field less than E*, otherwise /. <d and the streamers
cannot bridge the gap. Much experimental evidence has
now been accumulated to support this view.! 322

F. Light output and the external circuit current

Light absorption in SFg is so great that there are very
few observations of the prebreakdown light output. How-
ever, recent observations by Gallimberti et al® in a
point-plane gap show a pulse of light moving at almost
constant velocity, with decreasing amplitude during the
advance; here too we find constant velocity, although the
predicted streamer amplitude increases with time (Fig. 8).
In other gases it is found that streamer luminosity in-
creases as the streamers cross a uniform field gap,?* and
in air** and nitrogen?® the streamer front is seen as a mov-
ing point of light.

The predicted external circuit current (Fig. 1) is similar
to the experimental observations of Raether?® in air where
he finds a very small current for the prestreamer phase
and then a rapid rise in the circuit current corresponding
to the development of streamers. The extremely rapid
current rise time is in qualitative agreement with the ob-
servations of Biesselmann et al.?’

G. Comparison with three-dimensional results

With the present approach the channel diameter must
be specified beforehand. It is of interest to compare the

value used in this study (100 pm) with those found in
theoretical studies where the channel diameter is deter-
mined as part of the solution to the problem. Bortnik et
al'? found a value of 200 um, while Kunhardt and
Tzeng!! found a value of 50 um for the cathode-directed
streamer and 100 um for the anode-directed streamer.
Dhali and Williams'®> found that the predicted streamer
diameter could vary depending on the starting conditions
and pointed out that this may account for some of the
variability in streamer properties. From experimental and
theoretical studies of leaders in SFg, Niemeyer?® estimated
the width of the streamer channel to be ~70—100 um at
100 kPa.

Dhali and Williams'® and Kunhardt and Tzeng'? have
found the anode-directed streamer to propagate faster
than the cathode-directed streamer. Kunhardt and Tzeng
found the ratio to be two, as we have predicted (Sec. III),
ang the critical number of electrons in the avalanche to be
10°.

Bortnik et al.'> and Kunhardt and Tzeng!' have
predicted several maxima and minima in the electric field.
Kunhardt has described “parent” and ‘“secondary”
avalanches, which we believe correspond to our secondary
streamer phenomena.

Kunhardt and Tzeng!! have also evaluated the effect of
neglecting photoionization and found that the cathode-
directed streamer does not propagate and that the anode-
directed streamer propagates more slowly. Our results are
consistent with their predictions.

V. CONCLUSIONS

The mechanism of streamer development in SF4 has
been clearly outlined in this paper. The results obtained
for streamer onset are shown to agree very well with cri-
teria developed by Pedersen and others. The complex in-
terrelationships between ionization, electron drift, attach-
ment, and space-charge effects in the streamer front have
been elucidated, as well as the factors leading to the
development of secondary streamers. The prediction of
discrete points of light moving at relatively constant velo-
city (even though the intensity varies considerably) agrees
with measurements in SFg and other gases. The light out-
put from the secondary streamers is expected to be too
weak to detect. The predicted form of the circuit current
agrees with previous experimental studies in air and SFg.

A unifying concept has been proposed by Fernsler,?’
namely, that “a streamer propagates by transforming con-
duction current in its body into displacement current at its
tip.” Thus we are alerted to concentrate on conductivity
and current densities rather than N, and E alone. The
abrupt change in properties at a high value of electric
field, E*, leads to a complex interrelation between con-
duction and displacement currents which produces a
propagating transient in the electric field associated with
the streamer, much like a soliton wave. Associated with
this transient behavior there may be one or more secon-
dary peaks in the electric field which give rise to what we
have termed “secondary streamers.” The numerical re-
sults and discussion show that the field in the streamer
trail must remain at a uniform value, Egy, high enough to
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maintain the conductivity. This feature, although it ap-
pears static, is in fact a dynamic equilibrium between the
conduction and displacement currents. It may be inferred
that the condition Eg >E* is also required for streamer
formation in nonuniform fields, and as a result the dis-
tance a streamer can propagate in a point-plane gap in
SF¢ can be estimated; also, as a result, the “guiding field”
for streamers in SF is limited by E, > E*.
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