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Abstract: This paper reports about the measurement of
the breakdown times of rod-plane spark gaps when re-
sulting from the glow corona. These times were checked
against the velocity of the ions by caculation and agree-
ment established. Both the measurement and the calcu-
lation reinforced the theory that the space charges, split
up into several groups, are displaced one after the other
from the rod (anode) and travel to the plane (cathode).
According to the calculation, as soon as the first ions are
established around the cathode, secondary effects are
able to take place. At a separation of 25 cm and at voltages
from 115 to 135 kV, breakdown times are 1000 to 2000 us.

1. Introduction

The breakdown of spark gaps in a non-homogeneous field
occurs a the bigger distances from the partia discharge.
In the literature [1] the different breakdowns, whose
areas of existence are dependent on, among other things,
the kind of voltage, the polarity of the voltage, the con-
figuration of the electrode, the amospheric conditions
and the'source impedance, are exhaustively described. In
the following the breskdown from a positive pre-break-
down (the so-called impulseless glow corona) is to be more
closely considered.

W. Hermstein [2] has traced back the existence of the glow
corona to the effect of the negative ions. For the transition
from the glow corona to the breakdown process qualita
tive assumptions only are to be concluded from his
measurements. In the earlier work [3] the first assessments
towards a clarification of this problem were already being
investigated. New measurements and, in particular, the
attempt to observe with the aid of a digita computer the
physical behaviour of the breakdown in the space charged
field brought a further insight into the course of the
breakdown process. For practical purposes the glow
corona is of considerable importance, since the diffused
glow, which is confined to the immediate neighbourhood
of the anode, is associated with a considerable increase in
the strength of the breakdown. The glow corona occurs
especially on thin wires or sharp edges and operates so
that at these points a possibly damaging impulse pre-
breakdown is prevented.

2. Possible development of the breakdown
from the glow corona

W. Hemstein [2] has analysed thoroughly the transition
from the streamer discharge to the impulseless glow

corona. From his measurements it is established that the
glow corona results from the constricting effect of the
negative ions, which are originated by the resulting dis-
charges in the weak field area. The am of the present
paper is to investigate the possible physica processes
which are determinative for the change from the glow
corona to the breakdown process and from them to de
termine the actua mechanism by means of measurements
and calculations. For this purpose it is already assumed
that a glow corona is built up around the anode, that is
to say that a negative space charge in the immediate
neighbourhood of the anode increases the field gradient
to the anode.

It is assumed that the commencement of the development
of the breakdown is when the state of equilibrium of the
negative space charge is disturbed. This could, for
example, occur by raising the voltage, since it is known
that from a certain field strength the negative ions release
the negative charge carriers and split themselves into
neutra molecules and electrons. The released electrons
are able to ionise on their way to the anode by collision
and on arriving with sufficient energy at the anode lead to
thermo-ionisation {2]. Through the out of equilibrium
space charge a positive space charge arises which deci-
sively dters the field distribution. Under the influence of
the adjacent field this positive space charge travels to the
cathode.

Two mechanisms are possible basicaly for the fina de-
velopment of the breakdown :

1. The positive space charge drifts as far as the opposmg
electrode and there, through secondary emission, releases
sufficient electrons to lead to the breakdown. Whilst the
positive space charge travels to the opposing electrode.
further impulse type pre-breakdowns can arise around
the anode, if the field a the anode has increased so much
again that conditions for further collision ionisation are
attained. In this way it is also possible that, as a result of
field emission, an opposing discharge forms against the
growing positive space charge immediately around the
opposing  €electrode.

2. The second possible process would be that the break-
down is conducted through a path developing from the
anode to the cathode, that is if the positive space charge
has logt its destructive effect on the field and has entered
into the opposing electrode. This path would then grow
rapidly (within a few seconds) in the undistorted field.
Any considerable participation of the cathode (I-effects)
on the breakdown process would in this case be excluded.
Both processes are linked closely to the velocity of the
positive ions, which take a considerable part in the break-
down process [3]. The following results of measurements
and caculations should contribute to an explanation of
the physica mechanism of the breakdown from the glow
corona.



3. Test results

The investigations were carried out on a positive rod-
plane spark gap with a hemispherica termination of the
rod with a distance between the electrodes of 25 cm. On
the rod electrode (Diameter of the rod — 20 mm) a positive
d.c. voltage was connected. At an absolute humidity of
¢a = 6g/m3 the arrangement investigated showed a mean
value of breakdown voltage of 162 kV a a constant volt-
age increase of 5 kV/s. The breakdown always developed
from the impulseless glow corona. At a d.c. voltage below
the d.c. breakdown voltage, the breakdown was intro-
duced by means of a smal impulse voltage which was
superposed on the d.c. voltage. The polarity of the impulse
voltage did not play any decisive part in the activation of
the breskdown process [3]. The breskdown time, that is
to say, the time from the start of the impulse voltage up to
the breakdown of the spark gap, was recorded with an
oscillograph. The negative space charge around the anode
was put out of equilibrium through the superposition of
the impulse voltage, as the rapid change of voltage could
not achieve the generation of new negative ions because of
inertia. As the test results in [3] show, the polarity of the
impulse voltage can be ignored in the extent of the break-
down time. Thedestruction ofthestateofequilibrium isde-
cisive for the starting of the breakdown process. As a mean
value of the breakdown times, with 95%-confidence
limits, a value of Ty = (2000+ 600) ps results for a d.c.
voltage of 115 kV over which is superposed a negative
impulse voltage of 12 kV to release the breakdown. On
the other hand with a positive impulse voltage of 12 kV
superposed on this d.c. voltage a mean vaue of Ty =
(1500 + 900) ps is ascertained. For a d.c. voltage of 135 kV
the mean value of the breskdown times of Ty = (1150 +
400) ps results for an superposed negative impulse-voltage
of about 12 kV (Fig. 1). The noteworthy fact from the
measurements was that a a d.c. voltage of 115 kV only
35% of the impulse voltages has led to the instability of
the glow corona with a resultant breakdown. At 135 kV
d.c. voltage 95% of the impulse voltages would aready
lead to a breakdown. Measurement of the “pre-current”
on the severely bent electrode showed several current
impulses at defined intervals between the starting of the
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Fig. /. Totd frequency H of the breskdown times Ty of a 25 cm rod-plane
spark gap with a postive d.c. voltage ( Ugy = 135 kV) in the area of the
breskdown from the glow corona

impulse voltage and the time of the breakdown. This
result indicates that several ionisation processes have
taken place in the vicinity of the severely bent electrode,
whilst the positive space charge travels to the opposing
electrode.

At higher absolute humidity (pa> 6g/m3) no glow corona
could be observed on the positive electrode with an other-
wise unchanged arrangement. Considerably shorter
breakdown times (Fig. 2) resulted for the streamer dis-
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Fig. 2. Mean vadue of the breskdown times T4 of a 25 cm rod-plane spark
gap depending on the relaive over-voltage Uy = (U1 + usiss)/Ud 61
in the area of the breskdown from the streamer corona

charge which occurred. The results show an increase of
the breakdown time with a relatively greater decreasing
overage-voltage Uy = (Ug; + Uges) Uy g In which under
30% over-voltage breakdown times of a few micro-
seconds are possible. These breakdown times become
immediately smaller with increasing over-voltages, so that
there exists a distinct transition area which indicates a
change in the breskdown mechanism. An explanation of
this dependence of the breskdown on the streamer dis
charge was given in [3]. The breakdown time depends
considerably on the space distribution of the pre-dis-
charges leading to the breakdown.

4. Calculation of the breakdown process

A simple method for calculation [3] has already been
indicated and this permits the approximate caculation
of the measured breakdown times. For example following
this, for a rod-plane spark gap with a distance of
a=25cm and a voltage U = 135 kV a mean electric field
strength results E,, = 5.4 kV/cm. With a movement of
positive ions from b + = 1.36 cm?2/Vs

their average speed is determined as :

Vo =b,E, =730 cm/s (1)

The positive ions however require a period
t = alv, = 3400 ps (2)

in order to travel from the anode to the cathode in this
arrangement. For a voltage of 115 kV a corresponding
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time of 4000 us [3] is obtained. It is possible with the help
of the digita computer to determine the actua develop-
ment of the field for the space charged field. The basis of
the method employed works with charges [5]. The charge
in position on the surface of the electrode is thus repro-
duced within the electrode through discrete point, line
and ring charges. On the positive electrode (rod) a cloud
of positive ions is located, which can be reproduced by
point or ring charges (Fig. 3). In the course of the ex-
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Fig. 3. lon clouds in their early phase, in the badc form as used in the
calculation

a, b, ¢ Reproduction as ring charges

d Reproduction as point charges

d)

periments described here rmg charges were mainly em-
ployed (Fig. 3a to Fig. 3c), as by its nature a ring charge
covers a greater volume and therefore fewer ring charges
than point charges are sufficient for the reproduction of
the ion cloud. Moreover in using ring charges, the cd-
culation can be carried out as a rotationally symmetrical
problem, so that relatively little calculation time is re-
quired for the digital computer. The form of the ion cloud
was varied and is illustrated in Fig. 3 in several forms.
The charge of ions and their number were also atered to
a great extent, as is still to be explained.

The calculations were carried out step by step and pro-
ceeded in the following manner:

On any selected ion an electric field strength E occurs
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Fig. 4. Dimensons and notetions for the calculation of the ion clouds
1 Rod electrode 2 Pane dectrode

(Fig. 4) which originates both from the outer field, as a
result of the voltage imposed on the electrode, as well as
from the charge of the remaining ions. This field strength,
which runs in a certain direction, allows the ion concerned
to travel a certain distance further and is presented in
these calculations. Calculations are made successively for
al ions. The ion which has travelled the longest distance
As at that time, is taken as representative and the time of
movement established from it:

At =As (b, -E).
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Thus fixed periods of time are not calculated but the
distance, covered by the fastest is assumed. Which ion
travels the fastest is only arrived at from the caculation.
After each movement the field strength at the time is
again calculated and al charge carriers repelled corre-
spondingly. This calculation process is carried through
until the first ion has almost reached the opposing
electrode. The time which has then elapsed is calculated
from the sum of al the times. As a rule 10 to 20 stages
are sufficient to reproduce the movement of the charge
carriers on their way between the electrodes.

In the greater part of the field area the z-component E, is
negative to the field strength, thus directed on to the plane
(Fig. 4). The ions which remain in this area move there-
fore to the plane electrode. At the starting however when
the ion cloud is till near to the anode, it is possible that
the ions in a postion close to the anode remain in an
electric field with a positive field flow, that so the ions
are accelerated in the direction of the anode and enter
into the anode. This is only possible in the caculation,
because the ions cover a certain distance during the period
At a a constant speed and during this time are just able
to reach the electrode. When this occurs, the experimental
caculation ensures that the corresponding ions disappear
from the field region. Thus it can be established whether
these ions were withdrawn from the anode. In fact the
positive ions were repulsed from the anode. As these ions
are of no further interest for the calculation, for simplicity
they were taken out of the field area

If the ions travelled away from the anode, the electric
fiedd srength E, at the anode changes its direction and
thus becomes negative. As soon as the electric field
strength has gone far enough in the new direction, the
experiment is started so that a new collision ionisation
and a new formation of ions can be produced in the anode
area. On the grounds of simplicity of calculation, this ion
cloud receives the same charge as the first. This can
certainly be achieved approximately, since in amplitude
and extent of the charge, the streamer-impulse of the pre-
breskdowns remain the same. If these subsequent ions
are removed sufficiently far from the electrode, further
ions are activated from there. The criteria for collision
ionisation and the creation of new positive ions forms the
field strength a the anode, measuring 455 kV/cm on a
hemispherical (1 cm radius) rod end. This represents the
initial field strength of the electrode in the field free of
space charge. It is an approximation and is taken here,
since from the calculation, it is shown that the cycle times
for the ions are very much independent of it in a large
area of this field strength (25 to 60 kV/cm).

In the same way a field emission is assumed at the electrode
opposing the plane, when the dectric field strength there
reaches a certain figure. This figure is established at
25 kV/cm, that is as large as the breakdown field strength
in a homogeneous field at corresponding clearances. As
soon as the electric field strength has risen to this figure.
an opposing discharge can come into being and results
directly to the breakdown. At this time the calculation is
interrupted, since the breakdown which then follows
expires within a small fraction of the previous time of the
ion velocity. For the calculation a constant voltage was
chosen. thus leaving open, the way in which the glow
corona could be brought out of equilibrium. Thus it is
possible to work in a simple manner, in contrast to the



measurements, without the small superimposed voltage
impulse. This is permissible, since the mean values of the
experimental results, which were achieved with a super-
imposed positive or negative impulse, have achieved no
significant difference in the breakdown time.

5. Results of calculations and comparison
with the measurements

As basic example of the caculaion, a rod-plane arrange-
ment with a gap-distance of 25 cm with a hemispherica
end of 1 cm radius of the rod was selected on which was
laid a positive d.c. voltage of 115 kV. The velocity of the
ions for various forms of space charge distribution were
ascertained on this arrangement (Fig. 3a to 3c¢). In so far
as the sum of the space charges is the same in these cases,
variations only of 11% are produced in the travelling
times. The shortest travelling times occur in the ion
distribution in accordance with Fig. 3a, the longest in the
form in accordance with Fig. 3c.

The ions cannot optionally be finely divided within the
accepted form. In order to maintain the reguirement on
calculation time and storage for the digital computer the
maximum of 100 ring charges was initiated. As was
evident from the results, this number was sufficient. One
example will confirm this. If the number of charges is
raised by a constant charge tota of 23 to 46, the travelling
time still varies around 15%. On the other hand, no
change in the travelling time is established in a further
increase from 46 to 70 charges. With 100 charge carriers
the space charge is consequently sufficiently exactly
reproduced.

The total charge of the ions was selected between 110 and
1150 nC, that is varied in the ratio 1 : 10. This total charge
is correct in about the actual ratios. R.T. Waters and
others [6] determined, for example, a total charge of
500 nC in a 40 cm rod-plane spark gap with an impulse
voltage of 160 kV. The travelling times are lower in the
higher space charges than with the lower. The difference
adds up to - assuming the same form of ion cloud - re-
lating to the highest figure only 21%. The travelling times
therefore are influenced only to a relatively small degree
by the total of the charges. The figure which results from
46 charges at 25 nC each will serve as an example.
According to the calculation a travelling time of 1775 us
results with the ion distribution from Fig. 3a. The mea
surement results are quoted as comparison. There the
average figures varied (at a separation of 25 cm between
rod and plane) between 1500 and 2000 us [3] each in
accordance with the polarity of the superimposed impulse.
The mean vaue of interpolation at about 1750 ps con-
forms very well with the caculation. The number of ion
clouds which drifted from the anode to the cathode,
varied according to the results of the calculation between
two and eight. If the formation of a subsequent ion cloud
is not permitted, the calculated travelling times rise from
5000 to 7000 us. These large times figures which were not
measured in the experiment showed, on the other hand,
that only a single ion cloud travelled to the cathode. In
the calculation successive ions were aways started for
this reason - as soon as the field strength at the rod
reached the critical value described above. The further
ionisations on the severely hent electrode were able to be

checked with a qualitative measurement of the current
and the second possible process mentioned earlier dis-
carded. It was aso established from this, that the field
strength at the plane always increased so much, that a
field emission developed if the first ions on the plane
approached to 0.5 to 1 cm. Since, in this case, calculation
is interrupted, times result which are about a few hundred
micro seconds less, that is to say, when the ions arrive
directly on the plane. This fact indicates that the secondary
effects (field emission or r-effects) actually contribute to
the breakdown.

If the voltage in the basic example above 1s raised from
115 to 135 kV, the ion travelling time, according to the
calculation, falls from 1775 to 1342 us. The figure oc-
curred, according to Fig. 3a, for an ion cloud with 46
charges at 25 nC each and again on the controls with 70
charges a 16.4 nC each, thus of similar total charge. The
travelling time however decreases more strongly in this
way, than in the reverse ratio of the voltages. This can
aso be confirmed by the measurements. The correspond-
ing time lies still lower (Fig. 5) at the breakdown voltage
of this spark gap (162 kV). There is good agreement aso
in this with the figures of the experiment.
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Fig. 5. Cdculated ion traveling times T dependent on the voltage U for
a rod-plane spark gap with 25 cm distance. The rod end is hemispherica
with radius of 1 cm
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