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Senior Member, IEEE, I. V. Timoshkin, Senior Member, IEEE, M. J. Given, Senior Member, IEEE
and T. Wang

Abstract — Characterisation of a corona-stabilised switch
in the single-shot regime, including triggering range, delay
times and jitter is reported, over the pressure range 0-3 bar
gauge, as a continuation of work from similar
characterisation with this switch filled with SF¢ with
different gap spacings. When filled with mixtures of
HFO-1234ze and N:, the breakdown voltage can be
increased by up to ~306% and ~191% under negative and
positive polarity, respectively, of that using 100% N>. These
results were achieved with gas mixtures consisting of 80%
N2 and 20% HFO-1234ze, by pressure. The maximum
negative polarity triggering range was 13.6 kV, comparable
to that achieved previously using SF¢. The measured delay
time and calculated jitter was generally found to increase
with increasing pressure, and with increasing percentage
(from 5% to 20%) of HFO-1234ze in the gas mixtures.

Von Laue statistical analysis of time-to-breakdown data
showed that both the formative time and statistical time
increased with increasing pressure, and with increasing
percentage of HFO-1234ze in the gas mixtures. The
formative time under negative polarity was significantly
longer than that for positive polarity.

The results indicate that HFO-1234ze may be considered
as a suitable candidate to replace SFe¢ for switching
applications, although there are some operational
observations that require further investigation.

Index terms - Corona-stabilised switches, dielectric
breakdown, trigger threshold, delay time, jitter, HFO-
1234ze
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I. INTRODUCTION

LASMA closing switches (PCS) continue to be critical

components within sub-systems of pulsed power machines,
characterised by a relatively long charging time of the order of
milliseconds to seconds, to be delivered to the load in the form
of a high-power pulse, with typical duration in the range of
nanoseconds to microseconds. The governing factor that limits
the maximum achievable pulse repetition frequency (PRF) of a
PCS under repetitive operation is premature breakdown. This
results from the neutral gas density not having enough time to
recover to its pre-breakdown state, prior to the arrival of the
next trigger pulse. This disrupts the switch closure process
when the applied PRF is high, causing the switch to close at
lower voltages, when the DC charging voltage applied has not
yet recovered to its pre-breakdown level. This limiting factor
can be overcome by the deployment of a corona-stabilised
switch (CSS) [11,[2],[31,[4].

A DC high voltage is applied to an electrode with a sharp
edge within the sealed switching system, upon which, the non-
uniform electrical field establishes a corona discharge, creating
an ionization region. The electrical field strength at this region
is low enough that breakdown will not occur, until triggered by
an impulsive triggering voltage [5]. As the DC voltage applied
to the high-voltage (HV) electrode rises again following
breakdown, the electrical field strength at the electrode remains
at the same value, corresponding to the corona onset voltage,
while the field strength increases elsewhere. This phenomenon
is explained by the Kapstov hypothesis, which states that a
shielding of the anode caused by corona discharge at corona
onset voltage results in the electric field at this point becoming
clamped [6]. The space charge formed through this process de-
couples the HV electrode from the air gap [7],[8],[9]. This
process allows the gas density within this electrode gap time to
recover to its previous density, prior to subsequent switch
closure [10],[11],[12].

The use of sulphur hexafluoride (SFe) is common with this
technology, due to its high dielectric strength, strong insulating
properties, and non-flammability [10], [13], [14]. Although,
due to the high global warming potential (GWP) of SFs, at a
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value of 23000 (in a 100-year time horizon) [15], alternative
gases are under consideration. This paper reports on the
characterisation of a  corona-stabilised switch in
environmentally-friendly alternative gas mixtures to SFg,
consisting of different ratios of 1,3,3,3-tetraflouropropene
(known as HFO-1234ze), with N, as a buffer gas. The self-
breakdown voltages, trigger threshold voltages and delay times
were experimentally determined, and the jitter calculated, to
allow conclusions on relative switching performance to be
drawn [10], [14].

The hydrofluoroolefin gas 1,3,3,3-tetraflouropropene (HFO-
1234ze) is, potentially, an environmentally-friendly alternative
to SFs, as it has a much lower GWP, at a value of 6 in a 100-
year time horizon, and an ozone depletion potential of 0 [16],
[17]. The gas is also known to be electronegative, so has the
attributes to be used as a switching medium [18]. As HFO-
1234ze is classified as ‘mildly flammable’ when mixed with air,
suitable gas handling precautions must be taken. Therefore, the
gas was mixed with high percentages of a buffer gas (N»), of
the order of >80%. Within this paper, a CSS was characterised
and tested, firstly using 100% N, to provide baseline
operational data, and then with various HFO-1234ze/N,
mixtures, to investigate whether such gas mixtures can be seen
as an alternative solution to SFe. The gas mixtures were tested
with both negative and positive polarity at various pressures to
determine the breakdown characteristics, trigger threshold
voltages, delay time and jitter over a range of pressures.

II. EXPERIMENTAL ARRANGEMENT
A. Practical CSS system

The CSS used (see Figure 1) consists of a cylindrical body
made from brass, with a diameter of 102 mm and a length of
100 mm. The internal disc electrodes are 2 mm in thickness,
bevelled to ~30° [14], giving a sharp edge for the establishment
of corona discharges. The distance between the HV electrode
and the brass body was fixed at 5 mm (Dh). The gap between
the earth electrode and the brass body was fixed at 3 mm (Dg).
This particular geometry was a continuation of previous
research using this type of corona-stabilised switch
[41,[19],[20], with the inter-electrode gaps optimised for the
voltages and gas types used herein.

A schematic diagram of the laboratory setup is shown in
Figure 2. A 100 kV, 2.5 mA, the Glassman DC supply was set
to produce a negative or positive polarity output, depending
upon the regime being tested. This was connected to a 1 MQ
charging resistor. As well as enabling high repetition rate
applications, the CSS has also been used as the switching
element in pulsed electric field (PEF) experiments. A 40 nF
energy-storage capacitor and a 50 Q resistive load were
included in the test circuit, to replicate the capacitance of the
pulse-forming network (PFN) of a laboratory-scale PEF
generator and the typical impedance of the associated test cell,
respectively [19].
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Fig. 1. A schematic diagram of the CSS used during testing showing
materials used as well as connections, inputs and gap and electrode angle
information.
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Fig.2.  CSS circuit schematic of the laboratory set-up. VP1 and VP2
represent voltage probes and CP represents current probe, which have been
described in 1I-A[19].

The trigger pulse used was a positive/negative polarity
(dependant on the applied voltage) voltage pulse from a
Samtech Ltd. TG-01 trigger generator [19], applied directly to
the brass body of the CSS. The TG-01 was activated by a
remote-control unit, connected to the trigger generator by a 3 m
long fibre-optic cable. A typical trigger pulse voltage waveform
is shown in Figure 3. The peak voltage of the trigger pulse was
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~32 kV, the rise time was 80 ps and the full width at half
maximum (FWHM) pulse width was 128 ps. The trigger pulse
voltage remained constant throughout the tests, with the applied
DC voltage varied.
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Fig. 3. Positive 32 kV, 80 ps rise time, 128 ps FWHM trigger pulse from
Samtech Ltd TG-01 [19].

Within the switching system, the application of the trigger
pulse voltage initiates the breakdown of the gas between the
switch body and the HV electrode, represented by Dh in Figure
1. This results in subsequent breakdown of the gas in the gap
between the body of the switch and the ground electrode, Dg,
which ultimately closes the switch. Delay-time measurements
were made by monitoring the voltage collapse across the switch
with a 1000:1 North Star PVM-5 HV probe (80 MHz nominal
bandwidth) (VP1). Another North Star PVM-5 voltage probe
was also used to monitor the trigger pulse voltage waveform
(VP2). Monitoring of the load current with a Samtech Ltd.
DE(CP)-01 current shunt, with a sensitivity of ~14 V/KA,
allowed for conformation of switch closure. The position of all
probes can be seen in Figure 2.

Typical voltage and current waveforms and the times
recorded during the triggered breakdown event (positively
stressed switch triggered by a negative trigger pulse) are shown
in Figure 4. The delay time was measured as the time between
the commencement of the trigger pulse and the specific region
where the conduction of the switch is established [19]. The
waveforms in Figure 4 show two different breakdown events
with two characteristic times, t; and to: t; represents the time
taken for the first gap (Dh) to close, and t, represents the
additional delay time between the closure of Dh and the closure
of Dg, ultimately closing the switch. This behaviour is reflected
in Figure 4, where the trigger pulse voltage (2) swings from
negative towards the positive applied DC voltage after time t;,
showing that the gap Dh has closed. After the additional time
to, current flows through the load (3), and the applied DC
voltage collapses (1) which can be seen in the upper waveform
in Figure 4, after the delay time shown on the middle waveform
(2). In the tests, the overall delay time was recorded as t; + ta.
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Fig. 4. Typical voltage and current waveforms for a switch closure. Delay

time = 24 ps, t; = 20 ps, t, =4 ps. Upper (1): voltage collapse across switch as
measured by HV probe 1; middle (2): trigger pulse voltage waveform obtained
by HV probe 2; and bottom (3): current waveform, for the verification of switch
closure. Time base applies to all 3 waveforms (5 ps/div); waveforms 1 and 2
represented by the voltage magnitude (10 kV/div), and waveform 3 by the
current magnitude (1/7 kA/div).

B. Gas handling procedure

During testing, two different gas mixing procedures, for
mixtures consisting of 80% N»/20% HFO-1234ze, were
employed. Mixing procedure 1 involved inserting the full
percentage (by pressure) of the lighter gas N> into the CSS first,
before adding the full percentage by pressure of the heavier gas
HFO-1234ze, and leaving the gases to mix for 5 minutes prior
to testing. Following mixing procedure 2, the chamber was first
filled to half of the desired N, partial pressure. The full HFO-
12347ze component of the mixture was then added; before the
remaining N, was added. The gases were left to mix for 5
minutes before testing took place. Mixing procedure 2 resulted
in higher self-breakdown voltage levels compared to mixing
procedure 1.

In order to compare the two gas-mixing procedures, the self-
breakdown voltages were measured from 0-3 bar gauge, in
iterations of 0.5 bar, for both negative and positive polarity.
From the results plotted in Figure 5, it is clear that mixing
procedure 2 resulted in higher breakdown voltages than mixing
procedure 1, by ~5-7 kV for most pressures, for both positive
and negative polarity. Paired t-test statistical analyses were
conducted, comparing the measured self-breakdown voltages
for mixing procedure 1 and mixing procedure 2, for each
polarity. A p-value of <0.01 was computed between the data for
mixing procedure 1 and mixing procedure 2, for both polarities.
Therefore, the self-breakdown voltages for the two different
mixing procedures are statistically different. Therefore, mixing
procedure 2 was employed for all tests conducted in section III.
It is hypothesised that the difference in performance of the gas
mixtures is that for mixing procedure 1, the binary mix created
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by adding each individual element sequentially creates the
largest split for the blending process to complete. Whereas,
following mixing procedure 2, the addition of the heavier
element between partial pressures of the other gas in the mixture
creates a greater turbulence within the switch during the mixing
process. This turbulence speeds up the mixing process,
resulting in a settled blend of the gases being formed more
quickly [21], [22]. As the blend is formed more quickly, the
electronegative element which has been added (HFO-1234ze)
distributes itself evenly throughout the switch faster, leading to
a higher breakdown strength.
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Fig. 5. Positive and negative polarity self-breakdown voltages for two

different gas mixing techniques for 80% N»/20% HFO-1234ze, from 0-3 bar
gauge. “Mixture 1” is mixing procedure 1 and “Mixture 2” is mixing procedure
2, as described in the main text.

III. EXPERIMENTAL RESULTS

A. Self-breakdown and triggering threshold voltages of
various mixtures of HFO-1234ze

In this section the self-breakdown and triggering threshold
voltages were measured for each of the gas mixtures. This was
conducted between 0-3 bar gauge, in iterations of 0.5 bar, with
the main aim of establishing the triggering range of each
respective gas mixture at each pressure.

The self-breakdown and triggering threshold results have
been separated by polarity. Self-breakdown voltages were
determined by monitoring the voltage across the switch,
increasing the applied DC stress until the voltage collapsed. The
trigger threshold voltage was determined by lowering the
applied DC voltage in 1 kV increments from the self-
breakdown voltage, and applying a trigger pulse 5 times. If the
switch closed upon application of all 5 trigger pulses, the
applied DC voltage was again lowered by 1 kV, until the switch
failed to close for any 1 of the 5 triggering events. The DC
voltage was then increased by 0.2 kV until the switch again
closed for all 5 applied trigger pulses, and this voltage was
recorded as the trigger threshold voltage.
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Fig. 6. Negative-polarity self-breakdown (SB) and trigger threshold voltage
(TV) for 100% Na; 95% N, / 5% HFO-1234ze; 90% N, / 10% HFO1234ze; and
80% N, / 20% HFO-1234ze, from 0-3 bar gauge.

The self-breakdown and trigger threshold voltages measured
under negative polarity DC voltage, with a positive trigger
pulse are shown in Figure 6. The self-breakdown voltages with
respect to 100% N, rose by ~280%, ~290% and ~306% at 5%,
10% and 20% concentration (by pressure) of HFO-1234ze,
respectively. Corresponding triggering threshold voltages of
72%, 69% and 72% of the self-breakdown voltage were found
for these mixtures.
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Fig. 7.  Positive polarity self-breakdown (SB) and trigger threshold voltage

(TV) of 100% N2; 95% N, / 5% HFO-1234ze; 90% N, / 10% HFO1234ze; and
80% N, / 20% HFO-1234ze from 0-3 bar gauge.

In Figure 7, the self-breakdown and trigger threshold voltages
for positive-polarity DC voltage, with a negative trigger pulse
are shown. In this regime, the self-breakdown voltage increased
to ~106%, ~171% and ~191% of that for 100% N> at 5%, 10%
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and 20% concentration of HFO-1234ze, respectively. Trigger
threshold voltages of 58.4%, 53.4% and 59.6% of the
corresponding self-breakdown voltages were found for these
mixtures. For consistency in the tests of delay time and jitter for
all tests under both positive and negative polarity, the applied
DC voltage was set to 75% of the corresponding self-
breakdown voltage.

B. Delay time to breakdown and jitter

In this section, the delay time was measured between 0-3 bar
gauge, in increments of 0.5 bar. This was conducted by
measuring the time from the initiation of the trigger pulse to the
breakdown of the switch, as shown in Figure 4. Each of the
delay time data points is an average of 25 individual
measurements at each pressure. The jitter at each pressure was
then calculated as the standard deviation of each set of 25 delay
time measurements.

The data for the gas mixtures in Table I were recorded with
positive trigger pulse and a negative-polarity DC voltage
corresponding to 75% of the self-breakdown voltage applied to
the HV electrode. For 100% N», however, the applied DC
voltage was 98% of the self-breakdown level, as this was the
lowest voltage at which the switch would close reliably at each
pressure iteration. This is indicative of the very narrow
triggering range in 100% N, for the geometry and conditions
used, as can be seen in Figure 6.

Figure 8 shows the delay time data from 0-3 bar gauge for the
gas mixture consisting of 80% N,/ 20% HFO-1234ze. This data
corresponds to the last row of Table L.

TABLE I
Negative-polarity minimum and maximum delay time and jitter of gas/gas
mixtures.
Gas Mixture Min Delay Time/ Max Delay
Jitter, (us) Time/Jitter, (us)
100% N, at 98% SB 10.4+0 40.4+2.2
voltage
95% N, / 5% HFO- 15.3+0.2 66.8+6.4
1234ze at 75% SB
voltage
90% N,/ 10% HFO- 15.9+1.7 58.9+3.4
1234ze at 75% SB
voltage
80% N, / 20% HFO- 15.740.4 69.7+4.9
1234ze at 75% SB
voltage
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Fig. 8. Negative-polarity, trigger delay time and jitter for 80% N, / 20%

HFO-1234ze at 75% self-breakdown voltage (SB), from 0-3 bar gauge with
added linear function to show linear dependency.

For positive-polarity applied DC voltage with a negative
polarity trigger pulse, the data for the gas mixtures in Table II
were recorded with a DC voltage corresponding to 75% of the
self-breakdown voltage applied to the HV electrode. This also
applied for 100% N,; made possible by the wider triggering
range, evident from Figure 7. Figure 9 shows the delay time
data from 0-3 bar gauge for the gas mixture consisting of 80%
N, /20% HFO-1234ze. This data corresponds to the last row of
Table II.

TABLE II
Positive polarity minimum and maximum delay time and jitter of gas/gas
mixtures

Gas Mixture Min Delay Time/ Jitter Max Delay
(us) Time/Jitter (us)
100% N, at 75% SB 8.1+1.3 21.1+6.8
voltage
95% N,, 5% HFO- 10.7+2.1 26.2+1.9
1234z¢ at 75% SB
voltage
90% N,, 10% HFO- 13.3+1.6 30.4+3.3
1234ze at 75% SB
voltage
80% N,, 20% HFO- 15+1.8 37.243.2
1234ze at 75% SB
voltage
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Fig. 9. Positive polarity, trigger delay time and jitter for 80% N, / 20% HFO-
1234ze at 75% self-breakdown voltage (SB), from 0-3 bar gauge.

Overall, the mean total delay time increases as the pressure
within the switch chamber is increased, for each gas mixture.
An increase in delay time is also apparent as the percentage of
HFO-1234ze in the mixture is increased. The calculated jitter
varied over testing, although under certain conditions, for
example in Figure 8, a clear increase in jitter was observed as
the pressure increased. A clear increase in delay time with
pressure was seen for negative-polarity applied DC voltage
(Figure 8). Due to the wave-shape of the applied trigger pulse
voltage, the delay times and jitter were found to be in the ps
regime. The delay times and jitters could be decreased via the
application of a faster trigger pulse voltage waveform, which
can be seen in [11].

C. Post-test switch condition observation

After each set of tests was completed, a visual inspection of
the switch chamber was conducted. Following sets of tests with
the gas mixtures, a build-up of carbon was found to have
accumulated on both electrodes and the body of the switch over
testing. For prolonged periods of repetitive operation, such a
build-up of carbon within the switching system could result in
surface flashover, and failure of the switch. Further
investigation of methods to mitigate against this carbon build-
up is required.

IV. VON LAUE STATISTICAL ANALYSIS

To further understand the switching characteristics, von Laue
analysis was conducted in order to separate the overall delay
time into its formative and statistical components. This was
conducted on the delay time data discussed in section I1I-B. The
mean statistical delay time is associated with the initiation of
the discharge, and the formative delay time corresponds to the
progression of the discharge across the gap [3], [23].

The logarithm of the ratio of the number of breakdown events
with the total time lag longer than a given time, N, to the total
number of breakdowns, No, is expressed as:

_m(&)_ t—tr (1)

NO tst
where, t is the the total breakdown time, tris the formative delay
time and ty is the average statistical delay time.

An example of this von Laue analysis is shown in Figure 10,
for delay time data gathered for a 10% HFO-1234ze/90% N»
mixture, at 1 bar gauge. The time which is measured up until
the boxed off section is considered the formative time
measurement and the boxed area is the statistical time
measurement [3], [23].

Two groups are typically seen from von Laue analysis, which
can also clearly be seen in Figure 10, due to two superimposed
statistical processes, one following a normal distribution, and
the other following an exponential distribution [24]. The normal
distribution’s shallower slope corresponds to faster delay times
and is associated with the formative delay time. While the
exponential distribution’s steeper slope corresponds to slower
delay times and is associated with the statistical delay time. In
Figure 10, the change from formative to statistical distribution
can be seen at ~21 ps. The points with a measured delay time
>21 ps have been fitted with a straight line according to
equation (1). The exponential distribution within Figure 10
satisfies t = tf + ty more so than the normal distribution.
Therefore, this allows for the determination of formative and
statistical delay times with respect to the exponential
distribution to be measured [24]. For the plot in Figure 10, the
formative time was found to be ~21.8 pus with a mean statistical
delay time of ~1.4 pus.
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Fig.10. von Laue method showing formative and statistical delay times on

switch delay time operation

This analysis was conducted for delay time data gathered at
0, 1, 2 and 3 bar gauge, for each of the gas mixtures tested in
section III, as well as using 100% N for reference. The results
from the von Laue analysis are shown in Figures 11 and 12.
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Fig. 11. Formative delay times extracted from von Laue analysis for 100% N,
and 3 mixtures of No/HFO-1234ze from 0-3 bar gauge.
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Fig. 12. Statistical delay times extracted from von Laue analysis for 100% N,
and 3 mixtures of No/HFO-1234ze from 0-3 bar gauge.

From the data in Figures 11 and 12, an increase in both
formative and statistical delay time is apparent with increasing
pressure. The formative time also shows an increasing trend as
the percentage of HFO-1234ze increases. There is also a clear
increase in formative time for negative polarity, in accordance
with the longer overall delay times measured for negative
polarity in section III. While the mean statistical times show a
slight increase over the tested pressure range, neither HFO-
1234ze concentration nor polarity exhibit a clearly discernible
effect.

V. DISCUSSION & CONCLUSIONS

In this study, the single-shot switching performance of a
corona-stabilised switch (CSS) was characterised with
different, environmentally-friendly, gas mixtures acting as the
switching medium. The results show that, when the CSS is

filled with mixtures of HFO-1234ze and N as a buffer gas, the
self-breakdown voltages increased by up to ~306% for negative
polarity, and by up to ~191% for positive polarity, compared to
those for 100% Ny, for the specific geometry studied here.

Over the range of pressures tested, the minimum and
maximum trigger threshold voltages for the different mixtures,
relative to the corresponding self-breakdown voltages, were
58%-72% for 5% HFO-1234ze/95% N»; 58%-69% for 10%
HFO-1234ze/90% N»; and 62%-72% for 20% HFO-
1234ze/80% N> for negative polarity, whereas positive polarity
gave a triggering range in relation to the self-breakdown voltage
of 40%-59% for 100% N»; 44.7%-58.4% for 5% HFO-1234ze;
46.6%-53.4% for 10% HFO-1234ze and 47.7%-59.6% for 20%
HFO-1234ze. The minimum and maximum triggering ranges
were not linearly dependent upon pressure. The delay time
measurements were, therefore, conducted at 75% self-
breakdown voltages, since at this level the switch could be
reliably triggered over the full range of pressures. The delay
time and jitter were generally found to increase with increasing
pressure, and longer delay times were measured in negative
polarity tests. The minimum delay times were consistently
found to occur at 0 bar gauge throughout the testing, with the
maximum delay times found at 3 bar gauge.

From previous work with a similar switch topology filled
with SFs under positive polarity (with 8 mm Dh and 5 mm Dg)
[19], it was shown that 100% SFs had a self-breakdown voltage
of 40 kV at 0 bar (gauge), with a trigger threshold voltage of 21
kV, giving a triggering range of 19 kV. In the present work, the
triggering ranges for mixtures including 5%, 10% and 20%
HFO-1234ze (balance N) at 0 bar (gauge) had triggering
ranges of 4.4, 5.3 and 6.8 kV, respectively. It must be noted that
different gap spacings were used in the present work and in
[19]. From this data, however, the triggering range can be seen
to increase as the percentage of HFO-1234ze increases. The
delay time experienced in SF¢ was found to be 28.9+2.9 pus at
80%-90% of the self-breakdown voltage in [19], whereas the
HFO-1234ze mixtures showed delay times of 10.7£2.1 ps
(5%), 13.3£1.6 ps (10%) and 15+1.8 us (20%) at 75% of the
self-breakdown voltage, respectively, in the present study.

The results show that, within this geometry, the delay time
and jitter are linearly dependent upon pressure, as illustrated in
Figure 8, where there is a clear upward trend in delay time and
jitter over the range of pressures tested. The von Laue analysis
follows this same trend, with the formative time increasing with
increasing pressure, and with increasing percentage of HFO-
1234ze in the mixture. The mean statistical delay time increased
as the pressure increased, although the percentage of HFO-
1234ze and polarity had no clear effect on the statistical delay
time.

The triggering characteristics of the CSS are affected by the
degree of electronegativity of the fill gas, and by the stabilising
effect of the space charge produced by the corona discharges. It
is known that the use of SF¢ leads to long formative delay times
at low pressures, [10], [25], [26], [27]. From Figures 11 and 12,
it is clear that the overall delay time to breakdown for the gas
mixtures tested here is mostly determined by the formative
delay time at lower pressures. This phenomenon can account
for the narrow triggering range seen at lower pressures in
Figures 6 and 7, [10]. In order to increase the triggering range
at lower pressures, the length of the gap Dg (see Figure 1)
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within the switch can be increased, and a higher voltage trigger
pulse applied. However, using this method can cause delayed
triggered breakdown when operating at DC charging voltages
close to the triggering threshold voltage [10]. The triggering
range of the switch can also be increased via the application of
a faster trigger pulse, within the ns regime [11].

As the trigger pulses deployed for the single-shot
characterisation in this study can be considered as slow (dV/dt
~0.4 kV/us), and a short (3 mm) Dg gap was used, this limits
the achievable triggering range. These characteristics could be
altered in future work by using a different Dg spacing, as well
as a faster, higher-amplitude trigger pulse. This will result in a
wider operating range for the switch as part of an overall pulsed
power system. The length of the gap Dg was set at 3 mm here
as a compromise, sacrificing a slightly wider trigger range with
negative-polarity DC voltages, for a better performance with
positive-polarity DC voltages.

The high dielectric strength of SFs and HFO-1234ze is
governed by the electronegativity of each of these gases, that is,
their ability to attach free electrons. It has been found
previously that the dielectric strength of HFO-1234ze is ~(0.8-
0.95) times that of SFe, [28]. HFO-1234ze is known to be a
highly electronegative gas [18]; when free electrons attach to
neutral gas molecules, they are converted to heavy, low-
mobility negative ions. These negative ions do not have the
same capability as free electrons to cause further ionization,
[29], [30]. Therefore, higher voltages must be applied to
provide more free electrons before breakdown can occur. The
buffer gas used here, Ny, is an electropositive gas. With the
addition of relatively low proportions (5%-20% here) of the
electronegative HFO-1234ze, however, the breakdown voltage
can be significantly increased, for both polarities. The effective
ionisation coefficient of HFO-1234ze decreases with increasing
pressure [31]. The decreasing effective ionisation coefficient
reduces the probability of a free electron becoming available to
initiate breakdown [29]. Therefore, increased breakdown
strength is observed as the pressure increases.

The overall probability of a breakdown-initiating event is
related to 1/ty, and is dependent upon two probabilities: the
probability of an initiatory electron appearing in the gap; and
the probability of this electron successfully initiating a
breakdown [29]. This second probability is proportional to the
ionisation coefficient, leading to the increase in statistical time
with pressure seen in Figure 12.

Overall, considering the switching performance exhibited by
HFO-1234ze in this work, particularly the breakdown strength,
it can be seen that there is a possibility of this gas becoming an
alternative to SFe. Although, due to the practical observations
detailed in section III-C, the problem of carbon build-up needs
to be further investigated and resolved before this gas can be
considered an alternative to SF¢ for switching applications,
especially when operating into the kHz regime. Further work to
be conducted is characterisation of the switch under repetitive
conditions, with shorter (ns) trigger pulses, and detailed
comparison with previous data for operation in SF¢ [1], [4], [5],
[10], [11], [12].
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