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n,

v, Voltage across the switch (volts)
Z Impedance of the circuit being switohed (ohms)
a Electrode separation (c.m.)
A Electrode area c.m.z)
P Gas pressure in the switeh (m,Torr)
i, Initial (or vacuum) space charge limited eleotron current (amps)
s Tonisation efficiency (ion peirs/cm, Torr)
v_ Electron velocity (cem/sec)
n_ Electron and positive ion densities (om™ )

For definitions of the delays ‘61 and ‘Cz, see Section 6,



1a Introduction

Switches used for capacitor discharge duty in the C.T.R. field are
commonly gas discharge devices using gas at pressures of either a few millie-
Torr or ebout an atmosphere (1)e A great advantage of low pressure switches
is that they may be triggered over a wide range of voltages without the use of
very high trigger voltages., An advantage of high pressure switches is that
trigger delays down %o 10-9 seconds may be obtained, whereas the delay in low -
pressure switches is rarely less than 10_7 sec, To allow a fuller compariscn
of the triggering characteristics of these two types of switch, therefore, their
properties have been studied in detail in order to show which parameters are of
importance if rapid and reliable triggering is to be dbtéined. This report

deals with the results obtained with low pressure switches,

2, Previous Investigations

In view of the wide application of low pressure switches in thermonuclear
research it is not surprising that measurements of the delay time have been
made by several workers, No detailed investigations have been made, however,

nor has the mechanism of breakdown been fully described.

Mather and Willisms (2) have used double gap switches for both start and
clamp duty (Figure 1). They observed that the trigger delay was dependent'én

the following factors:-

(a) The gas pressure, The delay increased slowly with decreasing
pressure in the range 15 to 4 m-Torr, At lower pressures the delay
increased rapidly to more than one micro-second,

(b) The magnitude and polarity of the voltage, Shorter delays were
always obtained when the trigger pin was situated in the negative elect=-
rode, At low pressures the delay decreased with increasing voltage, but
at higher pressures the effect was small, '

(c) The type of trigger pin used, In order to obtain a short delay it
was necessary that the trigger discharge projected into the main gap,

Nekano, Hayaski and Maio (3) measured the delay in a switch operating at a
pressure of 0,5 m-Torr, They found that the delay decreased as the voltage
was reised from 200 V to 10 XV, i

The fullest investigation published so far is that of Johansson and
grs (4), (Figure 2), Their results, obtained at pressures of 10 to 40 m-Torr

Sm



show that the delay increases with inoreasing voltage when the trigger pin is in
the negative electrode, but is greater and decreases with increasing voltage when
the main gap polarity is reversed. The delay also decreases with increasing

pressure and inoreasing trigger voltage.

3, Experimental Arrangement

Delay times have been measured in two different switches, both of which
were demountable, The first was an experimental high voltage switch capable of
withstanding 100 kV, having stainless steel electrodes with 2,5 cm separation
(Figure 3a), It was continuously pumped with a mercury diffusion pump through
a 1liquid nitrogen trap., The second switch was specially constructed for these
measurements, having parallel plene electrodes of 11,4 cm2 area and 3,2 cm
separation (Figure 3b), This switch was pumped with an oll diffusion pump
through a liquid nitrogen trap, and the gas pressure was measured elther with an

ionization gauge or a lcLeod gauge.

The trigger pin used for the majority of the measurements conslated of a
single tungsten wire of 1 mm diameter with an insulating sleeve lying flush
with the surface of the main electrode (Figure 3c). In some cases the sleeve
was withdrawn from the mein gap region but this resulted in a longer delay and
increased jitter, All the results recorded were with the trigger pin in the’
negative electrode since the switch did not trigger with the opposite polarity,

Measurements were made with the switches ocomnected to several parallel
cables, Cables were used rather than e capacitor in order to reduce the
circuit inductance and to give & known circuit impedance since it was found that
this affected the resuits. In nost cases eight cableé, each 100 yards long,

were used, giving an impedance of 6.5.u.

The voltage across the switch was observed on an oscilloscope by means of a
potential divider connected directly to the plates, The delay was defined as
the time between the application of the trigger pulse and the ocollapse of the
voltage across the switch to 1/e of its original value,

. Egperimental Results
4.1 Results with high-voltage switch

The first measurements were made with nitrogen for the gas filling, A%t

pressures sbove 5 m-Torr the collapse of voltage aoross the switoh was smooth



and quite repeatable, At lower pressures, however, partisl recovery of the
voltage occurred and the delay and jitter increased. Typical wave-forms are
shown in Figure 4, The variation of delay with pressure at a voltage of L kV

is shown in Figure 5, and at 20 kV in Figure 6,

Similar measurements were obtained with a gas filling of Argon., Results at
4 XKV are shown in Figure 7, and at 20 kV in Figure 8, The delay in hydrogen was
found to be much longer, and was only reproducible at pressures above 35 m=Torr.

Results obtained at 4 KV are shown in Figure 9,

The effect of voltage was studied in more detail with nitrogen at a pressure
of approximately 10 m-Torr. The results are shown in Figure 10, and it is seen

that the deley increases slightly with increasing voltage,

Whilst investigating the effect of the trigger circuit on the delay it was
found that the length of the trigger pulse did not influence the results, even
when it was much shorter than the measured delay, The majority of the results
were obtained with a 15 kV pulse of 100 musec duration from & 330 s cable,

The delay was also found to be independent of the polarity of the trigger pulse,

4,2 Results with parallel electrode switch

The delay was again measured with nitrogen at various pressures (Figure-iﬁ),

and the results were seen to be similar to those obtained previously.

The effect of voltage was also similar, and further measurements were made
at low voltages (Figure 12) which showed that the delay was a minimum at a
voltage of about 1,3 kV,

The triggering mechanism proposed in Section 5 suggests that the delay
should be a function of the impedance of the clrcuit being switched, and
measurements were therefore made with different numbers of cables connected 4o
the switch. The results (Figure 13) show that the delay inoreases with

decreasing circuit impedance,

An interesting feature of the parallel electrode switch was that-the short
trigger pulse used with the high voltage switch did not tfigger the switch
except at the highest pressures, The trigger circuit was therefore modified to
discharge a capacitor through a resistor giving a time-constant of several
micro-seconds, Using this arrangement the effect of trigger voltage and

trigger circuit impedance were studied., The delay was found to inorease with



both decreasing trigger voltage (Figure 1k) and trigger current (Figure 15).

5, The Breakdown Mechanism

The mechanism of operation of the switch is most easily understood by
firstly considering what happens if the switch is triggered at a very low
pressure., In this ocase application of the trigger pulse results in breakdown
of the pin to its ad jacent electrode across the insulating sleeve, and a
trigger discharge which acts as a source of electrons in the main gap. Since
the trigger pin is in the negative eleotrode, electrons are accelerated across
the main gap to the opposive electrode, giving & current in the main circuit.
This current is not limited by the current in the triggerﬂdischarge since the
arc spot on the cathode can grow to give as much current as is demanded of it,
but is limited by its own space charge, This current does not itself consti-
tute breakdown of the gap, even though it may continue for a considerable time,
since it is too small to cause any appreciable voltege drop in the main circuit.

It will, however, lead to breskdown if sufficient gas is present in the switch,

Consider now a switch filled with gas to a pressure of about 10 m-Torr,
The first stage of breakdown is the esteblishment of a space charge limited
electron current across the gap in the same manner as in a completely evacuated
switoh, When gas is present, however, electrons accelerated across the gap’
may have an ionizing collision with & neutral gas molecule, The probability
of any particular eleciron having such a collision is smell (approx. 0,05 in
pitrogen at 10 m=Torr), but sufficient to result in the build-up of 2 positive
ion spece charge. Since the electron current in the gap is space charge
1imited the formation of lons immedistely allows an increase in the electron
current, and provided the rate of formation of positive jons is greater than
the rete at which they are lost by being accelerated to the negative electrode,
an unsteble current growth occurs which results in complete breakdown of the

switch.

If the gas pressure in the switch is too low ions are accelerated towards
the negative electrode as fast as they are formed. In this case complete
breskdown cennot occur until the gas density is increased to the point where
jon formation is sufficiently rapid, This increase in density may be caused by
evaporation of material from the positive electrode due to high energy electron

bomberdment, or evaporation from the insuleting walls of the switch, or may be



gas generated by the trigger discharge. In any of these cases the delay will

be much longer and very variable.

6, Calculation of Triegger Delay

The trigger delay of a low pressure switch is seen to consist of two parts:=

't1 ~ The time taken to form an arc spot on the negative electrode by means
of the trigger discharge, This will depend on the trigger voltage,
the impedance of the trigger circuit, and the actual construction of
the trigger pin, It may easily be reduced to about 25 musec, and is

therefore only a small fraction of the total delay.,

’52 - The time required for the positive ion density in the main gap to
grow to the point where the current in the switch is only limited by
the external circuit, This may be calculated approximately, assuming
that the voltage distribution across the gap is independent of time.

Since the electron current is determined by the positive ion space charge:-

dn_  dn_ .
T T at all points in the gap

Therefore d%/dt = p(sv) i

or i = ioep(sv") 5 sscao (1)
where io is the initial (or vecuum) saturated electron current, (It should be
noted that s and v_ are both functions of electron energy, and thus vary across
the gap. The product (sv_) is, however, insensitive to electron energy for
voltages above 500 V., It is only because of this that the original assumption

concerning the voltage distribution has any validity,)

If the impedence of the main circuit is resistive, rather than'inductive,
the voltage across the switch is
V=V =21 ep(sv"’) t ceeoo0 (2)
o o

and since the delay,'cz, has been defined as the time until the voltage falls
to 1/6 of its original value

1 0,632 V_ |
Ty s W) % | TEI waees (3



If the current distribution is uniform throughout the volume of the switch

i = 2.3 % 1w0é &V ceeee ()

A ——————

a
and therefore
5 .2
2.75 x 10”7 4
4‘

i ni 09)
2 p(SV_) e 7 A voﬁ

Using equation (5) with the appropriate parameters for the parallel elect-
rode switch and nitrogen at 15 m-Torr pressure, gives'té = 93 musec at 2.5 KV
compared with the experimental value (from Figure 11, subtracting 1% = 22 musec
as found in Figure 17), of 103 musece

Equation (5) is only valid if the rate at which ions are formed is greater
than the rate at which they are lost, and an estimate of the limiting pressure

for‘which this is true can be obtained.

The critical region is that adjacent to the positive electrode where the
rate of loss of ions is greatest, If all the ions were removed from a thin
layer next to the electrode the current could again be limited by the electron
space charge, Using the parameters for the high voltage switch at a voltage of
L. XV, the time for an ion to move far enough to prevent completion of the break-
down process is found to be:—~

70 musec for Nitrogen
85 musec for Argon
19 musec for Hydrogen.

If the time constent for ion formation EK%EE) is greater than these values
complete build-up of space charge will be prevented. The eritical velues of gas
pressure are therefore:-

3,2 m-Torr for Nitrogen
2,7 m~Torr for Argon
43 m~Torr for Hydrogen

which agree reasonably well with the experimental results of Figures 5, 7 and 9.

Te Discussion of Results

Equation (5) predicts the effect of several factors on the trigger delay of

a low pressure switch, many of which heve been observed experimentally,



(i) The most important parameter is seen to be the pressure of gas in the
switch since the time for positive ion space charge build-up is inversely pro-
portional to the pressure, This is demonstrated by the results in the high
voltage switch with Argon (Figures 7 and 8) which have been re-plotted in
Figure 16 as a function of 1/p. The curves for 4 kV and 20 kV intercept the
axis at a delay of 25 musec, which corresponds to the delay in establishing the
trigger discharge'ﬁ1. The same dependence is shown by the results for the
parallel electrode switch with nitrogen (Figure 11) which are re-plotted in

Figure 17,

At pressures below the critical pressure the delay should become longer
than the value predicted by equation (5), and the jitter increase, This was
found to be the case for all the results obtained with the high-voltage switch,
The results obtained with the parallel electrode switch, however, gave delays
shorter than expected, and this is thought to be due to evaporation of material
from the wall of the switch which was in contact with the discharge,

(i1) The time for the growth of positive ion space charge at gas pressures
sbove the critical pressure should be inversely proportional to the cross-
section for ionization of the gas molecules, The relative delays for nitrogen,
argon and hydrogen in the high-voltage switch are in agreement with this. The
critical pressure, below which jitter occurs, is also a function of the ioniza-
tion cross-section as well as the mass of the gas molecules, and the agreement

between experimental results and theoretical values was demonstrated in the

previous section,

(iii) The delay should be only slightly affected by th? voltage across the
switch since it depends on the terms 1/(svw) and loge (Voﬁf), both of which are
insenaitive to voltage. The experimental results of Figure 10 show that the
effect of voltage is small, the delay increasing slightly with increasing
voltage.

At voltages below 1 kV the product (sv_) changes more rapidly with voltage
due to the maximum in the ionisation cross-section, and this is reflected in a
minimum in the delay, as shown in Figure 12, At voltages below about 400 volts
the switch will not trigger.

At gas pressures below the critical pressure the effeoct of voltage may be

reversed, This is due to the fact that the gas pressure in the switch must be



increased before breakdown can oceur, and if this is achieved by the evaporation
of material from the electrodes the process will be more efficient at high
voltages, This effect is seen by comparing the results for nitrogen at a
pressure of 0.5 m~Torr at 4 kV and 20 kV (Figures 5 and 6), and is also seen in
the results of Mather and Williems (2), and Nakano et al.(3).

(iv) The delay should depend on the impedance of the circuit in which the
switch is used, In Tigure 13 the results obtained at different impedances have
also been plotted as a function of logeﬁé), and are seen to lie close to a

straight line which is consistent with equation (5).

If the switch were used in an inductive cirecuit jnstead of a resistive one,
an equation similar to equation (5) could be deduced, If measurements are mads
in a high impedance circuit the self capacitance of the switch must also be taken
into soccount, Results obtained under these conditions are not, however, &

relisble guide to the performance of the switch in a practical circuit,

(v) The delay should depend on the area of the switch and on the electrode

separation., Neither of these effects, however, were studied directly.

There is a secondary effect of electrode area which showed itself in the
difference in behaviour of the two awitches. As soon as the trigger discharge
ocours & current flows in the main gap, which is given by equation (4). If
this current is sufficient to maintain the arc spot on the cathode (i.e.
greater than about 1 amp) the operation of the switch is no longer dependent on
the trigger discharge. In this case only a short trigger pulse is mecessary,
even when the total delay in the switch is long, as was found with the high
voltage switch, If, however, the initial current in the switch is insufficient -
to maintain the cathode spot, as occurred in the parallel electrode switch due
to its smaller electrode area, then the trigger discharge must be maintained for

a longer time,

The trigger delay of a low pressure switch may be reduced by reducing the
electrode separation sincefté is proportional to 1oge (dz). Reduction of the
separation also allows higher gas pressures to be used, since the static break-
down voltage of the switch is a function of the product of the gas pressure and
the electrode separation, giving a further reduction in delay. The shortest
delays are therefore obtainable in the thyratron type of switoh where high gas

pressures and small electrode separations occur,



(vi) The total triggering delay of a switch depends on the time taken to
initiate the trigger discharge as well as the time taken to build up the
positive ion space charge. The effect of trigger voltage and trigger circuit
impedance cannot be calculated, but it is seen from Figures 14 and 15 that the
delay is fairly constant for trigger voltages sbove 10 kV and currents above
about 5 amps., Under these conditions the delay due to the formation of the
trigger discharge is about 25 musec. | _
(vii) An effect which has not been studied in the present experiments is the
delay when the trigger pin is in the positive electrode of the switch, In
these circumstances an additional delay occurs, being the time taken to form an
arc spot on the negative electrode due to the trigger discharge at the positive
electrode, In order to form the arc spot positive ions must bombard the
electrode (5), and therefore the major part of this delay will be the time taken
for positive ions to be accelerated across the gap from the original trigger
discharge, which will be longer than either the time for the original discharge
to form or for the positive ion space charge to build up in the switch., Under
these conditions the total delay will approximately equal the transit time of a
positive ion across the gap, and will therefore decrease with increasing

voltage, as found by Jchansson and Smars (4).

8. Conclusions

The triggering delay of a low pressure switch with the trigger pin in the
negative electrode is seen to consist of two components, -First, the delay in
initiating the trigger discharge, which is a function of the trigger voltage and
trigger circuit impedance. Second, the time required to build up sufficient
positive ion space charge in the switch to neutralise the space charge due to
the elsctron current, TFor gas pressures above a critical level this time is
given approximately by

5 .2
Tem 1 2,75 x 102 d I
2 = gy log T
BT e} ZAV 2

Below the critical pressure the delay becomes very variable,

If the trigger pin is in the positive electrode a further delay is added

which is approximately equal to the transit time of an ion across the 82D,
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