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INTRODUCTION

The switching of circuits in the impulse current generators
used to produce and maintain hot plasmas is done by means of controlled
spark gaps (1). Several typical functions of spark gaps can be defined
a) the simultaneous connection of parallel generator units to one termi-
nal

b) the time ordered comnection of several generators to one terminal

¢) the simultaneous or time ordered connection of several generators to
several terminals at one experiment

d) the short-circuiting of a terminal, which would usually take place at

the moment of maximum current

Each separate case places different technical restrictions

on the spark gap and on its triggering circuit.

The behaviour of a spark gap is characterized by the follo-
wing parameters : the jitter timetftzas a function of the steering
coefficient, the limit steering coefficient, and, for most spark gaps,
the length of the triggering pulse ti. It is assumed that the time dis-
tribution of triggering of all spark gaps serving a specified function is

al,=T, max - T, mia
wherc‘tzm&x and‘tznﬁn are the maximum and minimum times to trigger the
spark gaps.

The steering coefficient of a spark gap is KS = E%§ where

Ups is the static break down voltage of the spark gap
U the loading voltage of the capacitor in the circuit
containing the spark gap.
The limit steering coefficlent is equal to Ksg = %%i;; where Upmin is tle
minimum breakdown voltage of the spark gap at triggering.

When the first spark gap has been fired, a voltage wave of
12

amplitude U, reaches the remaining spark gaps after a time €, = :L'where
L v

1
1l is the length of the connection between each spark gap and terminal,

and v is the velocity of the wave.

If the remaining spark gaps had not fired, while the voltase

difference between each of the two eiecirodes had been U - 0 (U being the
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loading voliagze of the bank), then after a time 1t this difference would
be U = Ul' After removal of the wave resistance of the connection, the
difference U —= U, is initially small, changing with time in a way deter-

A

miucd by the circuit parameters of the circuit in which the spark gap is

piaced.

Two areas of spark gap operation should be discussed. If a‘ﬁ21<;tlt

~ T . . . , . . .
(JHLSLAYKZ (T being the resonant period of the discharge circuit), and

D8 othe lifetime of the iriggering impulse is suitably chosen, then all

o
o

72

speirk gaps will fire if only the loading veoltage of all circuits be in
the region Upmin<:U<35nL
Under these conditions the limit steering coefficient should be chosen,

according to : the voltage range of the generator, the ageing of the spark

ips, and the required reliability. This coefficient could approach unity

{for eencrators built for one voltage.

~ o . . . ooy
If A LZ:yLLand the triggering pulse lives suifliciently long,
then firing can occur oaly when

s hsg 1
oy K W

v - U1 is small. Therefore, in order that A’tz<§%, it 1s necessary that

the limiting steering coefficient be large. Spark gaps having a small
limiting steering coefficient can fire when inequality (1) is satisfied,

il the triggering pulse is long enough or if there are secondary trig-

IS 3]
gering contributions. Spontancous breakdown can take place after a time
T . . .. ,
7 because U - Uy could exceed the static firing voltaze.
o

greater than
Tiiis type of operation 1s associated with a local overload, which is dan-
zerous to the insulator, while at the same time the steepness of the

resulting current and its amplitude are less than expected.

In case (b) the switching on of the second and eventually the
following gencrators happens when the terminal is under voltage.
Therefore in such generators it is usual to use spark gaps with large
steering coefficients and(ftznmst be much less than %.

N

in case (c) (the switching on of generators to different ter-

rminals), the acceptable firing distribution is defined by the experimental

*

reguirements, and ithese are usually less stringent than in the other cases,



In case (d), the spark gaps which short circuit do so most
often at the moment of the first maximum current, and therefore when the

voltage across them is near to zevro., Thus, they must have large steering
1,470

£ &4 Y : A —_

coefficients and A AT

Therefore, in general, the time distribution of firing should
#

T . . .
in all cases be much less than =, while for spark gaps having small limi-

4.
ting steering coefficients, the additional inequality
~ 2L
A Lz —

must be satisfied.

.
and
2 ol

r\"ﬁ

~ ¥4
Assuming that l&Lzbc sufficiently small when AL,L0,1

taking into account that the frequency of large generators is in the rezion

of 10 - 100 kllz, the limiting values are
‘or 10 kliz

or 100 kilz

&
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The distance separating spark gaps from terminals 1ls usually
2 -~ 15 m. Assuming a wave velocity of 300 méus for tape connections and

~t
150 m/ms for cable connections, we can derive for ALz the intervals
//4 ’

p—

3 - 100 ns for tape connections

o

6 — 200 ns <for cable conncctions
It can be scen from the above, that the restrictions on the majority of

spark gaps having small limiting steering cocificients are more rigorous.

The problem of the interaction of four elecirode air spark
gaps and vacuum spark gaps was investigated in the Institute of Nuclear
Rescarch. The first part of the results concerning air spark gaps is pre-

sented in this paper.

I'our electrode air spark gaps (2,3) shown in figure 1 were
investigated. This type was chosen for its pnroperties, and in particular

because of its effective independance from polarity, and because of the

possibility of obtaining a value of the steering coefficient greater than 2,
which cannot be done with trigatrons.
The characteristics of such a spark gap depend on its own »nora-

-+

meters and those of the circuit in which 1t is placed. The former are @ Zle

intereliccirode capaciiy, the relation ol the static



first gap to that of the second, the static firing voltage across the gap
between the (bias) electrode and the central one, and the self-induction
of-the spark pgap. The latter are : steepness and amplitude of the trigge~
ring voltage and its lifetime, induction of the connections with the ecir-
cuit, wave resistance of the circuit, the terminal parameters, relation
between the resistances of the voltage dividers, and the valuc of the ca-
pacitor which is sometimes connected in parallel to the central electrode
and earth or in.series between the (bias) electrode and the triggering

circuit.

4 The idealized representation of the voltage on the (bias) elcc-
trode during firing is shown in figure 2. Diagram(a) considers the case of
small steering coefficients, when breakdown has taken place initially in
the gap having the larger static firing voltage, while the breakdown in the
next gap is a consequence of the overload produced by a polarity change of
the capacitor across this gap. The largest value of the steering coefficient
for which such a mechanism is still possible is equal to the value of the
cocfficient for which the probability of breakdown of each gap is the same,

and could be estimated arithmetically.

The equations for this case are :

U - U, + Ui = Kulp,

1
Ui - Ul = KuUp1
where U, the voltage of the central electrode

1
Ui triggering voltage

Ku impulse coefficient

Up1 and Up2 static breakdown voltage of the gap.

The impulse coefficient in the steepness range applied in the
experiment, varied hetween the limits 1,2 and 1,3. For the purposes of cal-
culation, Ku was taken to be 1,25. Taking into account that the steering
coefficient Ks = Hﬁi and that the relation of the firing voltages of both

gaps and the voltage dividers Kp Up2 , the equations can be rewritten in

the form
Upsk L UpsKp
KI(kps1) * Ut = 1,25 S0

Ui - Ups = 1,25 Ups
K& (kp+1 Kp+1
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Eliminating Ui and simplifying, we obtain

Kp+1
K - T as{ipmT) (2)

For the value Kp = 1,6 used in the investigations, the steering

coefficient was calculated to be 3,45.

The condition that firing occurs in the second gap as a con-
sequence of overloading is given by :
KoU = Up2

where Ko is the coefficient of overloading, and Ku T 1 because of the rela-

tively slow variations in the limit case. After re-arrangement, we can
obtain the maximum value of the steering coefficient

Ksm = Ko(Kp + 1) (3)
We obtain the optimal value of Kpo and Kso as functions of the overloading
coefficient by comparing (2) and (3)

1+1,25Ko

Kpo = I 55Ko

(4)

Kso = 2Ko + 0,8
It follows from the formulae that the larger the overload coefficient the

larger the steering coefficient, and Kp tends to 1.

In our investigatons, Kp was 1,6.

The measured values of Ksm were 2,5 <+ 2,7 in all circuits. Dy

substituting these values in formula 3 we obtain Ko=*1.

One way to increase the limiting steering coefficient of 4 clec-
trode spark gaps is to increase the overload coefficient by connecting a
capacitor of several pI' between the central electrode and earth. In this
way, Fitch (2) obtained a steering coefficient of 6,8 for Kp = 1, which
corresponds to the overload coefficient being 3,4 according to formula (3).
An increase of the interelectrode capacitance decreases the steepness of
the triggering pulse. This is inconvenient, if a steering coefficient greater

than is given by formula 3 is required.

We must now examine the behaviour of spark gaps when steering

coefficients are greater than Ksm. Two cases can be distinguished : firstly
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when Ksm = K& = Kso and secondly when Ksm is smaller than Ké. In the first
case, it is more probable that the first breakdown will take place in the
gap having the smaller static firing voltage. This is true for all steering
coefficients. In the second case, it is more probable that breakdown will
take place in the gap having larger static firing voltage while the overload
coefficient Ko is too small to initiate breakdown in the second gap. This is
valid for values of the steering coefficient in the range Ksm % K4. When
l({)-KQ, it is more probable that the first breakdown will take place in the
gap having the lower static firing voltage. In both cases, the breakdown
across the second gap can take place only when the voltage generated by the
triggering pulse across the inductor on the short circuiting gap exceeds

the static firing voltage of the second gap. The idealized representation

of the voltage across the (bias) electrode during operation as described
above for is shown in figure 2b. In order to increase the voltage across

the inductor during the growth of the discharge, the spark gap is sometimes
connected to the circuit by means of a coil having a suitable ferrite .
core (4) so that the coil's inductance is large during the growth of the
discharge and falls for the current of the main discharge. To eliminate
discontinuities when operating in this mode, and for Ksm = K& the cbeffi—

cient Kp should be matched to Ko using formula (4).

An analysis presented farther on demonstrates that, apart from
the case discussed above, the discharge grows simultaneously in both gaps
when the triggering pulse has a high steepness, and the steering coefficient

is larger than Ksm.

TRIGGERING CIRCUITS

It follows from figure 2 that the steepness of growth of the
triggering voltage has a direct influence on the interval before firing,

and an indirect influence on the time distribution during this interval.

The circuits producing steep voltage pulses can be grouped

into 3 basic types.

In the first type (figure 3a) the pulse is produced by the ope-
ration of a pulse transformer powered by a condenser bank discharging through

the primary winding of the transformer by means of a thyratron. The pulse



-7 -

steepness depends on the resonant frequency :

Pl 1
- 23VLC

where L is the inductance and C the capacity of the primary circuit. The
load on the secondary of the transformer is capacitative, and is relati-
vely large because of the arrangement of the cables and connections bet-
ween the spark gaps. This capacity determines the quantity of energy which
the transformer must transmit, and indirectly determines the energy stored
in the primary circuit. In order to achieve a high stcepness of the voltage,
it is necessary to decrease the primary inductance, the smallest value being
200 - 300 nl, and to decrease the capacity, which under constant energy con-
ditions requires an increased loading voltage. There is little sense in
using transformers in this way, and it is much better to use circuits ih

which the voltage is applied directly to the triggering cables,

The suggested (5) arrangement of parallel transformers is com-

plicated and uneconomical,

The second type (figure 3b) consists of a low inductance capa-
citor, which is discharged through a secondary spark gap on a parallel

cable.

The pulse entering Ege cable is expressed by :

U=Uqg (1 -e™P)

where Uy the loading voltage of the capacitor
7 the wave resistance of the triggering cable
n the number of cables
L inductance of the secondary spark gap, the connections and the
condenser,

The instantaneous steepness is expressed by :

4
du _ UgZ o nk

dt = oL
and is directly proportional to the loading voltage and cable wave resis-
tance, and is inversely proportional to the number of cables and the induc-

tance of the connections. The steepness depends also on the time of growth

of the discharge in the secondary spark gap.
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This system was successfully used to trigger trigatrons (6)
and vacuum spark gaps because it is possible to force out high currents.
There are certain disadvantages in applications to 4 electrode spark gaps.
If the triggering cables are connected directly to the (bias) electrode,
then the variation of voltage across the secondary spark gap is a function
of the main bank loading voltage for constant secondary capacitor loading
voltage. The sccondary capacitor must be insulated from earth in order to
inhibit the closing of the triggering circuit by earth. A galvanised con-
nection through the cables of all (bias) electrodes produces an overload

when one of the spark gaps does not work (figure 4)

In general, the disadvantage of this system is the dependence

of the pulse steepness on the number of cables in parallel (figure 5).

Such a system is justified only when the magnitude of the
triggering current influences the operation of the spark gap. Such a depen-

dence has not been observed for the spark gap investigated.

Figure 3c shows a pulse circuit based on the principle of a
loaded cable line short-circuited through a spark gap and a circuit with

inductance L. A pulse of instantaneous steepness

17
av_uz "%
dt ~ L

is produced.

The advantage of such a system is an independence from the number of cables

and from the pulse steepness,

A capacitor of small capacitance connected in parallel with the
spark gap is sometimes used. Neither the steepness of a pulse nor the cha-
racteristics of the tested spark gap were affected by the connection of a

1250 pF condenser,

An oscillatory discharge develops in the circuit - secondary
spark gap, triggering cable, chopping condenser, parallel connected main
condenser and terminal - after the passage of the triggering pulse and the
firing of the tested spark gap. Therefore, high frequency oscillations, whose
amplitude depends on the distribution of induction in the above circuit,

must he added to the voltage across the terminal. These oscillations can be



-9 -

damped by the inclusion of active resistances in series., The amplitude and
the triggering pulse steepness are decreased as a consequence (figurc 5).

We may expect that applying in this way a resistance having non-linear cha-
racteristics should slightly reduce the pulse amplitude and increasc its
steepness. This follows because as the voltage wave reaching the non-linecar
resistance increases, so increases the ratio of the transmitted amplitude to
that of the reflected one. Experiments carried out with a resistance of about
100wrat 5 kV and one of 1,8£L at 20 kV confirmed the above predictions (fi-
gure 5). The U pulse steepness was about 2,3 times larger than in the case
when a 100{Ll linear resistance was used, and 1,35 times larger than in the

case when no damping resistor was used.

The growth steepnesses which were obtained never exceeded 1,4kv/“5,
because of the relatively large inductances in the circuit. We did not
reduce them, because our tests were of a phenomenological character, while
an increased steepness would have required the use of voltage dividers with
a very short response time for the measurement of voltage. This would have
complicated the measuring technique. The input inductances of the cables
used in cases 3b and 3c were nearly equal, System's 3b more favourabhle pulse
steepness follows from the use in 3¢ of the chopping condenscr. This was

associated with an increased inductance on the part of the tested spark can.

Below are tabulated the results of the tests carried out on the

various systems.,

[}
System as Number of Number of Steepness of Oscilloscope |
in figure parallel users triggering display of pulsci
circuits pulse as in figure E
KV/ns
3A 6 0,029 Ga
3B 6 according 6h
1 to fig o
3B 1 1 according 6¢c
to fig 5
3C 1 1 according 6d and Ge
to fig 5




- 10 -

The pulse stecpness is defined as the tangent of the angle betwcen the
straight line passing through 0,3 Up and 0,9 Up and the time axis (Up -
the smallest breakdown voltage). The voltage was measured on the (bias)

electrode when the main bank was discharged.

TESTING METHODS

It is relatively easy to measure the time interval distribution
ap to firing. To do this, we usually use an oscillogfam, analysing either
the voltage signal coming directly from the circuit in which the spark gap
is placed (7), or the signal di from the Rogowski belt (8).

dt

Several curves may be recorded on one frame of film, from which
T andaTcan be immediately deduced. Only incomplete conclusions may be drawn
about spark gaps in the parallel configuration from the characteristic
aTl = £(uU) or al- f(Ks). The characteristics prepared in this way do not
include the influence of individual differences between spark gaps and con-
nections. In order to ohtain from mcasurements on one spark gap the full
information concerning the usefulness of spark gaps working in the parallel
configuration, it would be nececssary to test several spark gaps. The charac-
teristical z = f(Ks) obtained in this way leads to final conclusions about
the interactionof spark gaps in the parallel configuration when the circuit
parameters of the generator are the same as in the test circuit., Consequently,
it 1s much better to test the interaction of spark gaps in the parallel con- v
figuration. Such tests are technically more difficult to carry out, because
it is necessary to compare simultaneously several processes to obtain the
arithmetical values of the firing distribution. Several multi-chanel oscil-

lographs or high-speed cameras are used to do this (9).

In the latter case (special)photographs of the spark gap dis-~
charge are taken, using either optical fibres (to observe the optical pheno-
mena within the spark gap) or secondary spark gaps connccted in parallel
with the tested spark gaps.

A qualitative assessment of the interaction of parallel configurations can
be obtained from a comparison of the oscillogram of total current with that

of the currents in the parallel branches.
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REDUCTION OF TIHE SPARK GAP CHARACTERISTIC

The basic spark gap characteristics were mecasured in the circuits
drawn in figure 7a and 7b using the oscillograph 0k-19M. Ten oscillogram
passes were taken for each point. An example of such an oscillogram is shown
in figure 8. The time to breakdon was defined to be the arithmetic mean of
the longest and shortest time, counting from the initiating pulse to the
moment of firing of the second spark gap. The time distribution to breakdown
was calculated as the difference between the longest and shortest time to
fire. All measurements were done on the spark gap in which the static vol-
tage was 27,5 kV, the static voltage across the gap on the condenser side
was 17 kV and the static voltage on the earth side was 10,5 kV. The ratio
on the voltage divider across the gaps was equal to the ratio of their
static firing voltages, and was equal to 1,6.

The characteristics TiaT = £(U) for several values of loading voltage, in the

initiating circuit drawn in figure 7a, are shown in figure 9,

.In both sets of characteristics, there is an interval in which
the time distribution to firing is large. This interval lies between values
of the steering coefficient 2,6 % 3,5 and agrees with the value previously
calculated for the Ksm and Ké intervals. The discontinuity of the characteris-
tics corresponds to Ks = 3,5 and the times to fire vary from 230 ns to in-
finity. According to formula 2, for Ks ¥ 3,5, it is equally probable that
breakdown occurs in the first or second gap. This, together with the diffe-
rent parameters of the circuits connected in series with each gap, produces
such significant fluctuations. The discontinuity disappears when the loading
voltage of the initiating circuit is about 50 kV, but the time distribution

to fire remains above 200 ns,

An increase of the loading voltage of the initiating circuit for
values of the stecring coefficients in the range 1 to 2,6 does not affect
the time distribution to fire, but does reduce the growth time of the dis~

charge. This is shown in figure 10.

When the steering coefficient is greater than 3,5, a voltage
increase on the initiating circuit shortens the time to firing and increases
the time distribution. The characteristics AT= £(Ui) reaches its minimum

value at Ui ¥ 25 kv.



When the steering coefficient is between 2,6 and 3,5 firing in
both gaps is often observed. The discharge in the main condenser develops
significantly later. This is a consequence of the compensation of the vol-

tage on the main condenser by the initiating voltage.
Thus, a shorter pulse time leads to a shorter time to fire.

This was tested for two cable lengths and with a damping resis-
tory connected in series with the cable. This is shown in figure 7b. For the
- first cable length, the pulse time was 210 ns, and for the second one was
110 ns. The characteristics obtained are prsented in figure 11. In this con-
figuration the time to fire for values of the steering coefficient greater
than 2,06 was shorter, and in the whole range of operation does not exceed
the lifetime of the initiating pulse. The fluctuations in the time to fire
were also reduced. An analysis of the oscillograms aiso shows that if the
steering coefficient is larger than 2,6 for times to fire less than 100 ns,

then the discharge develops simultaneously in both gaps.

When the steering coefficient is less than 2,6 the fluctuations
in the time to fire are increased, particularly when the pulse has a small
steepness (Ui = 20 kV, linear damping resistor figure 11). The reasons for
this are the significant differences in the original steepness of the ini-~
tiating pulses, caused by the development of the discharge in the seccondary
spark gap. In connection with this, the distribution of times to breakdown
of the first gap in the tested spark gap was equal to 40 ns. For greater

steepness, this distribution was smaller and did not exceed 10 ns.

It is to be expected that when an additional spark gap creates
the leading edge of the initiating pulse, and is placed between the initia-
ting cable and the tested spark gap, the fluctuations in the time to fire

would be reduced.

In order to obtain small fluctuations in the time to fire in the
configuration 7b, it is necessary to initiate breakdown by a pulse having
steepness larger than 0,6 kV/ns. When this condition is imposed, then in-
creasing the cable loading voltage to above 20 kV has little influence on
the time to firing and on its fluctuations. On the other hand, the steering

coefficient grows even to above 30. An apparent inconsistency between the
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necessary requirements derived from the measurements in configuration 7a
and 7b and those concerning pulse steepness appeared at this point. This
inconsistency follows from the method used to mcasure steepness in confi-
guration 7a when the main bank is not loaded, While the characteristics
were being measured, the potential difference across the secondary spark
gap was higher and equal to the sum of the loading voltage of the sccondary
condenser and the voltage of the central electrode in the tested spark gap.
The steepness of the initiating pulse was greater than figure 5 would

indicate, and moreover, was different for each point of the curves

tu a,nci AAC _—.f(U)

It can be seen from figure 9 that the influence of polarity on

spark gap operation is negligible.

The static firing voltage across the (bias) and central elec-
trodes has a small influence on the characteristidtil¥t. Measurements done
at 0,3 and 2,9 kV showed no difference within the measurement accuracy. The
times to fire and their fluctuation were increased by short circuiting the

{bias) and central electrodes.

TESTS ON TIE INTERACTION OF PARALLEL SPARBK GAPS

The circuit shown in figure 12 was built in order to test the
results obtained for onec spark gap. This circuit consisted of § parallel
branches. The static firing veltage was 33 kV. The ratio of the static [i-
ring voltages of both gaps and of the voltage divider was 1,6. In this
configuration, we did not measure the characteristics. Instecad, the lower
limit of voltage for which the system worked correctly was defined, and
two types of measurements were done. The first type using open switches,
shown in figure 12, corresponds to the configuration of 6 parallel branches
feeding independent terminals. A pulse transformer, connected to the (bias)
electrodes in the spark gaps through 2500 pF condensers, initiated {iring
in this case. The voltagze was measured using a 15,2 kf2voltage divider con-
nected between the high tension side of the pulse transformer (figure 3a)
and the oscillograph OK-17-M. The times to fire of individual spark gaps at
a pulse steepness of 0,029 kV/ns were in the range 0,6 - 0,85/&5 Tor values
of steering coefficient of 2,5 (which is the maximum value of the coefficient

for which operation is certain).
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Some additional tests about the fluctuations in operations were done opti-
cally. To do this, a secondary spark gap having a static firing voltage of
about 2 kV was connected in series with each tested gap. The secondary spark
gcaps were placed close together in a vertical straight line. A high speed
soviet camera, type SIR-2M, was used. This camera has a rotating mirror,
which projectis the image into a stationary section of film. At the maxi-

mum rotating speed of the mirror (75000 turns/min.), the light beam moves

at 3,75 mm//u.s.

The object to he photographed was relatively large. It was there-
fore necessary to adapt the optical structure of the camera, by adding a
suitable objective and collimating slit. An objective of type Jupiter 3
having f = 1 ;: 1,5 and focal length 5 c¢m was used when the camera was at a
distance 5 m from the spark gaps. The collimating slit, whose width varied
between 0 and 0,5 mm was placed at the focus of the objective. The other

elements of the optical system were not changed.

The camera was set up in such a way, that only the images of
“the secondary spark gaps were registred. The collimating slit was used to
select a narrow band covering 6 gaps. Consequently, the 6 spots of light
on the film corresponding to the firing of all spark gaps, become 6 bands.
The relative displacement of the leading edges of the bands correspond to

the fluctuation of times to fire of the gaps.

The effective length of film was limited to 37,5 cm, while at
the same time the recording speed of the light beam was very high., It was
therefore important to synchronise the processes exactly. To do this, the
system governing the firing of the spark gaps was triggered by a pulse co-
ming from the camera control system when the mirror was suitably positioned.
Figure 13a shows a typical photograph taken when Ks = 2,5 using a pulse trans-
former. The fluctuation of the firing times, measured by the optical method,
was 0,25/~s. Figure 13b shows, for comparison, a photograph taken for .the
configuration drawn in figure 12 (open switches). The initiating pulse was
produced by the secondary configuration shown in figure 3b (Ui = 30 kV,

Ks = 2,1). In this case, the distribution of times to firing is smaller than

50 ns, the measurement errors being ¥ 10 ns.

A system congisting of 6 parallel branches feeding one terminal



is produced by closing the switches of figure 12. The initiating pulse in
this case was produced by the configuration shown in 3b. The operation was
checked by using the Rogowski belt and an oscillograph OK-17M. The variation
of the total current was compared with the variation in one branch (figure
14), Simultaneously, the time to fire and its distribution was investigated
for branches 1 and 5 using the voltage divider and an oscillograph 0K-19M,
10 passes were registred on one photograph. This configuration worked cor-
rectly for steepness of the initiating pulse as drawn in figure 5 when the
steering coefficient Qas 1 - 2,7, The time to fire was 195 ns for a value

of the steering coefficient 2,65, for a 20 kV pulse, with a distribution of
64 ns ; it was 155 ns for a value of the steering coefficient 1,65, for a

20 kV pulse, with a distribution of 38 ns ; it was 140 ns for a 30 kV pulse
with a distribution of 55 ns, In the latter case, while the distribution for
one of the spark gaps was 10 ns and for the other was 15 ns, the times fo
fire differed by 38 ns, In the other cases the differences in the times to
fire were smaller than 2 ns, while the differences in the distributions of
times to fire were about 25 % of their nominal values. This confirms thﬁl

the tests must include the effects of differences in spark gap construction

and connection.

When the steering coefficient was larger than 2,7, our system did not work

because the steepness of the initiating pulse was too small.

CONCLUSIONS

» The best method of firing four electrode spark gaps is the one
based on the principle of the short circuited loaded cable line. In order
to damp oscillations in this configuration, it is useful to apply non-linear
resistors, which increase steepness. When the steering coefficient is in the
range 1 = 3 and for suitable pulse steepnesses, it is enough to load the line
to a voltage of 75 % of the static firing voltage of the spark gap. For correct
operation at higher steering coefficients, it is necessary to load the line to
higher voltages, The lifetime of the pulse which initialises firing should

be 1,2 - 27,.

When four electrode spark gaps are connected in circuits feeding
individual terminals, and when the restrictions on the time distribution of
firing are not too severe, pulse transformers may be successfully applied in

the range of values of the stcering coefficient 1 - 2,5,
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Four electrode spark gaps may be always used as connection ele-

ments in steep impulse current generators, whenever the parameters of the dis-

charge initiating pulse, the time to fire and its distribution are suitably

chosen.
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Figure 1 : The cross~section of a four electrode spark gap :
1- main electrodes
2—- central electrode
3- bias electrode

4~ insulator
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Figure 2 : An idealized sketch of the voltage on the (bias) elec—
' trode in the 4-electrode spark gap during firing :
a- for KsKsm
b- for KsKs
Upl, Up2 are the static firing voltages across gaps 1 and-2
Up is the instantaneous voltage across the gap

0
gaps 1 and 2 respectively,

t , tl, t2 are the times to fire of the secondary gap, and
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Figure 4 : An oscillogramm of the currents produced by the confi-

guration shown in figure 12, when its operation was
incorrect :
a- total current

b- current in section 1 (twice the frequency)
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Figure 5 : Steepnesses of the initiating pulses as functions of the

loading voltage of the bias electrode in configuration 3b

l1- for 1 sparkgap

2- for 6 sparkgaps in configuration 3c

3- at R = 100

4- at R =0

. 5- for non-linear - 1,8 at 20 kV and 100 at 5 kv/.

Figure 6 : Oscillograms of the voltage pulses on the (bias) elecgtrode
| a- the 6 parallel branch circuit as in figure 3a (the lower

line is the current in section number 1 and a 5 ws time
signal)

b- the 6 parallel branch circuit as in 3b, scale 10 Mz

~¢- 1 branch, as in 3b, 10 passes, scale 100 Mz

d- 1 branch, as in 3c, I - linear, scale 100 Milz

e~ 1 branch, as in 3¢, R - nonlinear, scale 100 Milz

In the cases b and e the branches were loaded to
20 kV. The points marked with arrows - firing interval on

the earth side.
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Circuit A
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Figure 7 : Schematic representation of system used to measure

spark gap characteristics,

Figure 8 : A typical oscillogramm of 10 superimposed voltage'curves.

The loading voltage of the main electrode is 17,5 kV, and
that of the bias electrode is 30 kV.
Point 2 represents firing on the condenser side.

Point 1 represents firing on earth side.
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Fipure 9 : Characteristics of times to fire and of fluctuations of times
to fire as functions of the loading voltage of the main elec-
trode for different loading voltages of the (bias) electrode.
Figure 7a shows the system of measurement. The change ol loa-

ding voltage on the main electrodde is opposite to that in the

initiating pulse,
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Figure 10 : Characteristics of times to fire and of fluctuations of times-
to fire as functions of the loading voltage of the (bias)
electrode for several values of the loading voltage on the

main electrode., I'igure 7a shows the measurement system.
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Fiocure 11 : Characteristics of times to fire and of fluctuations of times
to fire as functions of the loading voltage on the main elec-
trode for several values of the loading voltage on the (bias)
electrode. Figure 7b shows the measurement system. (The am-
plitude of the loading voltage on the main electrode is addi-
tive) or (There are other changes in the value of the loading
voltage on the main electrode).
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Figure 12 : Schematic represeﬁtation of the impulse current generator,

fetiiod - Toated i
which was used to test the interaction of parallel spark gaps.
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Figure 13a : A typical shadow photograph of the discharges ol 6 secon-
dary spark gaps in the configuration drawn in figure 12,

using open switches., The initiating circuit is shown in

figure 3a, and Ks = 2,5,
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Figure 13b : A typical shadow photograph of the discharges of 6 se-
condary spark gaps in the configuration drawn in figure 12,
using open switches. The initiating circuit is shown in

figure 3b, and Ui = 30 kV, Ks = 2,1,
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Figure 14 : Comparison of current curves :
~a~- total current for equal loading of the 6 sections
of the generator, maximal value 73 KA.

b- current in the section 1, maximal value 12,1 KA.



