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Abstract— One of the critical components of high energy density 

pulsed power systems used to generate short high-voltage and 

high-power impulses is gas-filled plasma closing switch.  In recent 

years significant research efforts have been aimed at finding 

environmentally friendly gases which can be used in the plasma 

closing switches, and several gases including dry air, nitrogen, 

carbon dioxide, argon and their mixtures have been considered as 

potentially suitable working fluids in such switches. However, the 

lack of knowledge of the breakdown characteristics of complex 

switching topologies filled with these gases limits their practical 

applications. Therefore, further investigation of the breakdown 

performance of plasma closing switches is required, in order to 

establish their applicability for practical use in high voltage pulsed 

power systems. The present paper reports on the investigation of 

the breakdown characteristics of a triggered plasma closing switch 

topology with corona discharge electrodes. The self-breakdown 

voltage of the switch, variation in the self-breakdown voltage, time 

to breakdown, and jitter have been obtained for the switch filled 

with “Zero Grade” air, N2, CO2 and an Ar/O2 mixture up to a 

pressure of 10 bar (abs). It was shown that the switch can provide 

a stable breakdown performance with jitter as low as 1 ns. 

 
Index Terms— pulsed power systems, gas filled plasma closing 

switch, nanosecond jitter, air, nitrogen, carbon dioxide, 

argon/oxygen gases mixture, dielectric behavior. 

I. INTRODUCTION 

igh voltage gas-filled plasma closing switches (PCS) are 

widely used in power and pulsed power systems due to 

their capability to operate in over voltage and current ranges, 

their ability to cope with high dV/dt and dI/dt values, and to 

provide short switching time with low jitter when operated in a 

triggered mode, [1], [2]. Although solid state switching 

technology continues to gain popularity as a potential 

replacement for the gas-filled PCS’s in some pulsed power 

systems and applications, the plasma closing switches remain 

important components for different practical high voltage and 

high power impulsive systems due to their robustness, 

exceptional operational capabilities and characteristics and 

relatively low cost. Hence, researchers and engineers continue 

to invest significant efforts in the design and development of 

novel switch topologies in order to improve their breakdown 

performance and switching characteristics. 
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One of the issues currently being addressed by pulsed power 

researchers and engineers involved in the design, manufacture 

and exploitation of pulsed power systems with PCS’s is the use 

of environmentally friendly gases as working fluids in PCS’s. 

Traditionally, SF6 was used in the gas switching systems as this 

gas provides high breakdown strength, and high recovery 

capabilities. However, due to environmental concerns there is a 

significant interest in finding a gas/gas mixture that can be used 

in PCS’s instead of SF6, [3-8].  

Improvement of the operating characteristics of PCS’s is 

another area of interest for the pulsed power community. Gas-

filled plasma switches with higher breakdown voltage, lower 

standard deviation in the self-breakdown voltage, and lower 

jitter are in high demand for different practical pulsed power 

applications, [9-12], [21].  For example, papers [13 - 15] report 

on the development and study of a PCS that was triggered by 

plasma ejected into the gas gap from the triggering electrode. 

This topology was designed with the aim of achieving multi-

channelling and a wider triggering range, the switch was filled 

with N2 and SF6. However, the plasma jet-triggered switch 

demonstrated a long delay time, in the 10’s of µs range, also 

there is no published information on the jitter of the switch. 

Papers [16] and [20] reported on investigation of operational 

parameters of a high-pressure switch, operated at pressures up 

to 22 bar, filled with dry air, N2, SF6, H2 and N2-SF6 and N2-

H2 gas mixtures. It was shown that a nitrogen-filled switch 

demonstrated the lowest (sub-ns) jitter. 

Another important aspect currently being addressed is the 

development of compact PCS’s that will facilitate reduced 

footprint of practical pulsed power systems. For example, [12] 

describes the development of a multi-electrode gas-filled PCS 

with a high operating voltage, up to 1 MV, and the low standard 

deviation in a breakdown voltage, 2-3%. However, this switch 

was filled with SF6. 

To achieve desirable operational performance in specific 

pulsed power applications, complex plasma switching 

topologies with corona discharge electrodes can be used. 

Although a number of publications have reported on the 

development of corona-stabilised PCS’s that operate in an air 

environment, [17-19], the breakdown parameters of such 
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switches still require further optimisation and other 

environmentally friendly gases should be investigated in order 

to find the optimal solution for different practical applications. 

The present work is focused on the development of a two-

stage triggered gas-filled PCS with corona discharge electrodes, 

which can provide a low spread in the self-breakdown voltage 

and low jitter when filled with environmentally-friendly gases. 

The environmentally friendly gases chosen for investigation in 

this work are the electronegative fluids (“Zero grade” air, CO2, 

and 90%/10% Ar/O2 mixture) and N2 which has very low 

electron affinity. All gases were obtained from an industrial gas 

supplier, BOC, a member of the Linde Group. “Zero grade” air 

was a 79%/21% N2/O2 mixture (N2 purity 99.998%, O2 purity 

99.6%); CO2 had 99.8% purity, N2 had 99.998% purity; and the 

90%/10% Ar/O2 mixture consisted of Ar with 99.999% purity 

and O2 with 99.6% purity.   

The self-breakdown and triggered breakdown characteristics 

of the developed PCS have been investigated over a wide range 

of gas pressures, 1-10 bar (absolute) in order to establish 

phenomenological relationships between the operating voltage, 

standard deviation in the self-breakdown voltage, pre-

breakdown delay time and jitter and the gas pressure in the 

switch. These phenomenological relationships will help in 

further optimisation and development of PCS’s filled with 

environmentally friendly gases.  

II. EXPERIMENTAL  

A. Plasma Closing Switch with Corona electrodes 

A dedicated two-stage PCS with a highly divergent electric 

field has been designed and constructed, the cross section of the 

switch is shown in Fig. 1.  
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Fig. 1. A cross-section of the developed PCS with 4 needle electrodes   on each 

side of the central plate. Needles and upper and lower plane electrodes form 

5 mm inter-electrode gaps. 

The upper and lower parts of the switch body were made of 

clear acrylic (Perspex) cylinders with an internal diameter of 

35 mm and external diameter of 75 mm, and the total height of 

the switch was 70 mm. The thickness of the acrylic cylinders 

was chosen to ensure that this PCS could withstand operating 

pressures up to 10 bar (abs). Two cylindrical stainless-steel 

electrodes located at the top and the bottom of the switch have 

flat circular surfaces, 20 mm in diameter. An aluminium trigger 

ring electrode with an internal aperture of 20 mm was located 

between the two acrylic cylinders, and located symmetrically 

between the two main (plane) electrodes. Four gramophone 

needle electrodes were symmetrically mounted around the 

internal aperture on each side of the trigger electrode, providing 

a highly non-uniform electrical field distribution in order to 

generate pre-breakdown non-thermal plasma (corona) 

discharges within the switch.  The distance between the tips of 

these needles and the plane electrodes was 5 mm in both, upper 

and lower gaps. 

 

B. Experimental Arrangement 

The experimental system used to study the breakdown 

characteristics of the gas-filled PCS is composed of a gas 

control and distribution system, the PCS shown in Fig.1, a high 

voltage dc power supply and a PC-based control system to 

provide both positive and negative voltages with a specific 

ramp rate, a trigger impulsive generator, and high voltage 

diagnostic equipment (HV probes and a digitising 

oscilloscope). The gas control system includes the gas 

distribution board, a rotary vacuum pump to evacuate the 

switch prior to filling with gas  under test, and a digital pressure 

controller, Alicat PC-1500PSIG-D, to set and control the 

pressure in the switch.  

A diagram of the experimental set-up used for the self-

breakdown and triggered breakdown voltage measurements is 

shown in Fig. 2. A Glassman high voltage dc power supply was 

used to stress the upper plane electrode via a 1 MΩ charging 

resistor. The voltage output from the power supply was 

controlled by a PC via an RS 232 interface.  

For the self-breakdown voltage measurements, the upper 

electrode was stressed with both positive and negative voltages; 

the ramp-rate of the applied voltage stress was 2 kV/s. A North 

Star PVM-5 high voltage probe (with the following nominal 

characteristics as provided in [22]: 80 MHz bandwidth, 400 MΩ 

input resistance, and 12 pF input capacitance) was used to 

monitor the voltage across the switch. As shown in Fig 2, the 

PVM-5 probe was connected to the upper plane HV electrode. 

The central electrode of the switch with the corona needles was 

at a floating potential, thus the field at the tips of these corona 

needles was a space charge influenced field defined by corona 

activity in the gas.  

For the triggered breakdown measurements, the central 

electrode was connected to an inverting Blumlein topology 

which was charged by Glassman high voltage dc power supply, 

via a 1MΩ charging resistor. This trigger generator produces 

negative square impulses with duration of 250 ns and peak 

magnitude of 30 kV. The upper plane electrode was constantly 
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stressed with a positive dc voltage, via a 1 MΩ charging 

resistor. A negative trigger impulse was applied to the central 

trigger electrode. The trigger impulse voltage waveforms were 

monitored using a Tektronix P6015A high-voltage probe 

connected to the central trigger plane of the switch. The 

P6015A probe has the following nominal characteristics as 

provided in [23]: 75 MHz bandwidth, 100 MΩ input resistance, 

and 3 pF input capacitance). The voltage signals were 

monitored using a Tektronix TDS 3050 digitising oscilloscope 

(500 MHz bandwidth, 5 GS/s sampling rate). 
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Fig. 2. Schematic diagram of the experimental set-up used for self-breakdown 

measurements (the central electrode of the PCS is at a floating potential) and 

for impulsive breakdown characteristics (the central electrode of the PCS is 

connected  to the Blumlein trigger generator).   
 

C. Self-breakdown Voltages  

Self-breakdown voltages were measured for all gases over 

the pressure range from 1 to 10 bar in 1 bar increments. The 

upper plane electrode was stressed with both positive and 

negative voltages. In each test the self-breakdown voltage was 

recorded for 30 consecutive breakdown events, and the average 

value and its standard deviation were calculated.   

The obtained average self-breakdown voltage, Vbr, for all 

tested gases is plotted in Fig. 3 as a function of the gas pressure 

in the switch, for both positive and negative energisation. Each 

point on the graph shows a mean value of 30 breakdown 

voltages, and the error bars show the standard deviation for each 

set of measurements conducted using a fresh portion of tested 

gas or gas mixture. As can be seen from Fig. 3, there is no 

substantial difference between positive and negative self-

breakdown voltages for all tested gases. This is due to the 

gramophone needle electrodes mounted on each side of the 

centre floating electrode and protruding into both gaps, located 

between the main electrodes of the switch.  If the HV electrode 

is at a positive polarity, the needles on the central electrode in 

the upper gap will be at a lower potential than the HV electrode 

that they face, therefore the space charge developed by corona 

discharge in the upper gap will lead to an increase in the 

breakdown strength in this gap; while in the lower gap the 

needles will be at a higher potential than the ground electrode 

that they face and the breakdown strength of this gap will be 

lower than that of the upper gap. When the HV electrode is at a 

negative potential the needles in the upper gap will be at a 

potential higher than the HV electrode while the needles in the 

lower gap will be at a potential lower than the ground electrode 

increasing the breakdown strength of the lower gap as 

compared with the upper gap. Due to the symmetry of the 

geometry there will always be one gap with a common lower 

breakdown strength, independent of polarity, which will 

dominate the breakdown behaviour of the system. Therefore, 

the self-breakdown voltage is almost the same in both, positive 

and negative energisation modes. 

 

 
 
Fig. 3. Self-breakdown voltage, Vbr, vs gas pressure. Each symbol is an average 

value of 30 measurements: squares, air; stars, N2; triangles, CO2; circles, 

90%/10% Ar/O2. Solid symbols, positive energisation; open symbols, negative 
energization. Vbr obtained by equation (1): solid line, air; dash-dotted line, CO2; 

dotted line, N2.   

 

The measured self-breakdown voltage for each gas was fitted 

with an analytical line, Vbr(p), obtained by Equation 1 which is 

based on the Townsend breakdown theory:     

 

𝑉𝑏𝑟 =
 𝐵 𝑝𝑑

𝑙𝑛(𝐴 𝑝𝑑)− 𝑙𝑛 (𝐺)
        (1) 

 

where p is the gas pressure, d is the inter-electrode distance, 

the constants A and B describe the primary ionisation 

coefficient; G is a gain coefficient (in Townsend theory, G is a 

function of the secondary ionisation coefficient). The 

coefficient  is the ratio between the uniform field in a parallel-

plane topology and the maximum Laplacian field at the point 

electrode in a point-plane topology. In the present work this 

ratio was obtained by modelling the point-plane topology in 

Electro electrostatic software and found to be    1/11 (for 

d = 5 mm and for a needle electrode with radius of 0.04 mm).  

The Meek streamer onset condition, exp (G)  108, defines 

the gain coefficient for spark breakdown in parallel-plane 

topologies, G ≈ 18.2, [24]. However, in the case of breakdown 

in a strongly non-uniform field topology, ionisation takes place 

only in the vicinity of the sharp electrode and the calculated 

value of G is unrealistically high: in [24] the gain coefficient 

obtained for the spark breakdown voltage in air in the rod-plane 

topology is in the range from  100 to  340 (ln(G) from 4.6 to 

5.8) for the conditions when the spark breakdown voltage is 

higher than the corona ignition voltage. Thus, in strongly non-

uniform fields, the analytically obtained G provides an 

unrealistically high number of electrons in the avalanche and 
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cannot be used for estimation of the secondary ionisation 

coefficient.  As suggested in [24], two main reasons for such 

overestimation are: branching of streamers and space charge 

distortion of the field in the vicinity of the sharp electrode.  

However, for the purpose of comparison and to provide an 

analytical fitting that can be used for practical purposes, the 

experimentally obtained Vbr values were fitted with Equation 1 

using the best fit procedure in Origin Pro graphing software. In 

the case of air and N2 the fitting was conducted over the whole 

pressure range; in the case of CO2, the fitting was conducted for 

the data from 1 bar up to 7 bar, the pressure range over  which 

the maximum breakdown voltage was achieved. The parameter 

ln(G) was a fitting parameter, and the values of A and B were 

taken from [25]. A 5 mm inter-electrode distance was used in 

the fitting procedure assuming that all breakdown events were 

initiated in both, upper and lower, gaps of the switch. The fitting 

lines are shown in Figure 3, and the obtained values of ln(G) 

with their standard errors are given in Table 1. The 

experimental values of Vbr for the 90%/10% Ar/O2 mixture 

were not fitted with Equation 1, as no values of A and B are 

available for this gas mixture.  

 
TABLE I 

COEFFICIENTS A , B,  AND FITTING  PARAMETER ln(G) 

 Gas 

  

A (103 ,  

(cm ·bar)-1) 

B 
(kV/(cm·bar)) 

 

ln(G) 

Air 11.0 268.5 7.0±0.1 
N2 6.7 209 5.8±0.1 

CO2 15.2 354.2 7.2±0.1 

 

The present study is focused on the development and 

characterisation of the PCS which operates when filled with 

environmentally friendly gases only, therefore SF6 was not 

considered in this work. However, previously published data 

can be used to compare the behaviour of the breakdown voltage 

of SF6 with that of other gases. In [26], for example, the spark 

breakdown voltage for different gases - including SF6 and air - 

was obtained as a function of the gas pressure in a point - sphere 

electrode topology with the field non-uniformity coefficient, 

  1/5. The positive breakdown voltage of SF6 has its 

maximum value, Vbr-max, at a pressure of  5.5 bar; at  6.5 bar, 

Vbr drops by  38% from its peak value and becomes only  2-

fold higher than that of air. A relationship between the 

maximum breakdown voltage, the gas pressure and the inter-

electrode distance in SF6 is provided in [27]: it was found that 

Vbr-max/(pd) = (30-40) kV/(cmbar) - this relationship depends 

on the field non-uniformity factor, and is valid for distances 

d = 0.13-15 cm. As reported in [27], the functional behaviour 

of the breakdown voltage of air-filled non-uniform topologies 

is similar to that of SF6–filled gaps. However, the monotonic 

increase of Vbr with the gas pressure (until its maximum) is 

observed in air over a wider pressure range than in SF6. This 

could be an operational advantage of air-filled PCSs, 

notwithstanding the lower breakdown voltage of air as 

compared with SF6.  

Generally, the obtained self-breakdown voltages show that 

the tested gases can be combined into two distinct groups: air 

and CO2 demonstrate higher self-breakdown voltages in the 

developed switching topology as compared with N2 and the 

Ar/O2 mixture. For pressures up to 7 bar CO2 provided higher 

self-breakdown voltages than all other tested gases, while N2 

and the Ar/O2 mixture  provided the lowest self-breakdown 

voltages. However, the self-breakdown voltage for CO2 

demonstrates a non-linear behaviour and starts to decrease for 

pressures above 7 bar.  On the contrary, the breakdown voltage 

of air increases almost linearly with gas pressure and becomes 

higher than the self-breakdown voltage of CO2 for pressures 

above 7 bar. Vbr for the Ar/O2 mixture also shows a non-linear 

behaviour, with a maximum Vbr at 7 bar. Discussion of the 

potential physical mechanisms responsible for such non-linear 

behaviour of the breakdown voltage is given in Section IV. 

Figs. 4(a) - (d) show the standard deviation in the self-

breakdown voltage, Vbr, for each tested gas (air, N2, CO2, and 

the 90%/10% Ar/O2 mixture) as a function of the gas pressure 

in the switch. It was found that Vbr in air and CO2 are greater 

than those for the N2 and Ar/O2 mixture and Vbr in air and CO2 

significantly increases with an increase in the pressure 

(Figs. 4(a), and (c)). Fig. 4(d) represents the standard deviation 

of the self-breakdown voltage for the switch filled with the 

Ar/O2 mixture. For this gas mixture, Vbr demonstrates a slight 

increase with an increase in the pressure. It should be noted that 

there is a significant increase in the standard deviation at 7 bar 

which could be potentially attributed to the change in the self-

breakdown voltage behaviour at this pressure: Vbr(p) for the 

switch filled with the Ar/O2 mixture reaches the maximum 

value at 7 bar and then drops at 8 bar, (Fig. 3). In the case of the 

N2-filled switch, no distinct trend has been observed for the 

standard deviation in Vbr. 

Exponential function (2) has been fitted to the standard 

deviation data, Vbr, shown in Fig. 4 using Origin Pro graphing 

software. Equation (2) describes the relationship between the 

standard deviation in the self-breakdown voltage, Vbr, (kV) and 

the gas pressure, p (bar): 

 

𝜎𝑉𝑏𝑟 = 𝐶 𝑒𝑥𝑝(𝐷𝑝)         (2) 

       

where C (kV) and D (bar-1) are fitting coefficients obtained 

for both polarities of the applied voltage. These coefficients and 

the standard errors are given in Table II. 

 
TABLE II 

COEFFICIENTS C AND D FOR EQUATION (2) 

  

Gas 

 

C (kV) D (bar-1) 

Air 0.06 ± 0.01 0.36 ± 0.02 
N2 0.15 ± 0.05 0.07 ± 0.05 

CO2 0.13 ± 0.04 0.24 ± 0.04 
Ar/O2 0.06 ± 0.01 0.18 ± 0.03 

 

 

The greater the coefficient D is, the faster the standard 

deviation rises with an increase in the gas pressure in the switch. 

According to Table II, N2 provides the most consistent variation 

in the self-breakdown voltage. 
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Fig. 4. Standard deviation in the self-breakdown voltage as a function of gas 

pressure. Solid symbols, positive energisation; open symbols, negative 

energisation. Standard deviation was calculated for 30 breakdown 

measurements for each gas pressure. (a), synthetic air; (b), N2; (c), CO2; (d), 

90%/10% Ar/O2. 

 

D. Triggered Operation of the Switch 

In the triggered mode of operation, the upper plane electrode 

of the switch was stressed with a positive dc voltage. Two stress 

levels were used in this study, 70% and 90% of the self-

breakdown voltage. A negative trigger impulse with a 

magnitude of 30 kV was supplied to the central trigger electrode 

of the switch, (Figure 1): where the output from the inverting 

Blumlein inverting topology was connected to the central 

electrode of the switch).  

Fig. 5 shows typical waveforms of the trigger impulse and 

the voltage across the main gap of the switch which collapses 

when switch is completely closed. Time to breakdown, tbr, is 

the time interval from the starting point of the trigger impulse 

to the moment of complete closure of the switch which is 

defined by the collapse of the dc voltage across the switch.  

 

 
 
 

Fig. 5. Typical voltage waveforms: negative trigger impulse, positive dc stress 

across the switch which collapses when the switch is closed.  The upper ground 
level (0 kV) on the right-hand y-axis is related to the negative trigger impulse, 

and the lower ground level on the left-hand y-axis is related to the positively 

stressed HV plane electrode. The time 0 s is related to the start of the trigger 
impulse;  tbr is time to breakdown.  

 

In these series of tests, the triggered switch was filled with 

the same gases as for the self-breakdown voltage measurements 

(Section II-C): air, N2, CO2, and the Ar/O2 mixture. Time to 

breakdown was measured for 20 consecutive breakdown events 

in each gas, and the average time to breakdown values and their 

standard deviations (jitter) were calculated. Figs. 6(a) - (d) 

show the time to breakdown as a function of the gas pressure.   

When the switch was filled with air and stressed with 70% of 

the self-breakdown voltage, the time to breakdown increases 

sharply at 6 bar. This is the maximum pressure at which 

breakdown events were registered, no breakdowns were 

observed for air pressures above 6 bar at this energisation level. 

The time to breakdown at this maximum pressure showed the 

high standard deviation (jitter) which will be discussed in the 

next section. When the air-filled switch was stressed with 90% 

of its self-breakdown voltage, the breakdown events were 

observed over the whole pressure range, and the time to 

breakdown increases with an increase in the air pressure. 

In the case of a N2-filled switch, the time to breakdown also 

demonstrated continuous growth with an increase in the gas 

pressure for both, 70% and 90% self-breakdown energisation 

levels. The maximum pressure at which breakdown events were 

1 2 3 4 5 6 7 8 9 10

0

1

2

 Positive, Air

 Negative, Air

 V
std

=0.06exp(0.36p)

S
ta

n
d
ar

d
 d

ev
ia

ti
o
n
 (

k
V

)

Pressure (bar)

(a)

1 2 3 4 5 6 7 8 9 10

0

1

2

 Positive, N
2

 Negative, N
2

 V
std

=0.15exp(0.07p)

S
ta

n
d

ar
d

 d
ev

ia
ti

o
n

 (
k

V
)

Pressure (bar)

(b)

1 2 3 4 5 6 7 8 9 10

0

1

2

 Positive, CO
2

 Negative, CO
2

 V
std

=0.13exp(0.24p)

S
ta

n
d
ar

d
 d

ev
ia

ti
o
n
 (

k
V

)

Pressure (bar)

(c)

1 2 3 4 5 6 7 8 9 10

0

1

2

 Positive, Ar/O
2

 Negative, Ar/O
2

 V
std

=0.06exp(0.18p)

S
ta

n
d
ar

d
 d

ev
ia

ti
o
n
 (

k
V

)

Pressure (bar)

(d)

0 s  0.2s 0.4s 0.6s 0.8s 

0 kV 

10kV 

20kV 

30kV 

40kV 

50kV 

60kV 

-60kV 

-50kV 

-40kV 

-30kV 

-20kV 

-10kV 

0 kV 



Published in IEEE Transactions on Plasma Science, 2018, DOI: 10.1109/TPS.2018.2856306 

observed was 6 bar for both energisation levels, no breakdowns 

were observed for higher pressures. As in the case of air, both 

the time to breakdown and jitter increase significantly at the 

maximum operation pressure, 6 bar.  

 

 
 

 
 

 
 

 
 

Fig. 6. Time to breakdown vs gas pressure for both 70% and 90% of the dc self-

breakdown voltage applied across the switch as a dc stress voltage. (a), air; (b), 

N2; (c), CO2; (d), 90%/10% Ar/O2. Each point is an average value of 20 

measurements, error bars represent the standard deviation values. 

 

Exponential function (3) was fitted to the time to breakdown 

data in air and N2 using Origin Pro graphing software. 

Equation (3) describe the link between the time to breakdown, 

tbr, (ns) and the gas pressure, p (bar): 

 

     𝑡𝑏𝑟 = 𝑀 𝑒𝑥𝑝(𝑁𝑝)       (3) 

 

where M (ns) and N (bar-1) are fitting coefficients. These 

coefficients are given in Table III for each of the gases. 

 
TABLE III 

COEFFICIENTS M AND N FOR EQUATION (3) 

Gas M (ns)   N  (bar-1) 

Air 23 ± 9.7 0.15 ± 0.1 

N2 24 ± 1.3 0.17 ± 0.01 

Ar/O2 32.5 ± 0.74 0.0025 ± 0.003 

 

 

The breakdown time at the maximum operating pressure (for 

air and N2) was excluded from this fitting procedure as the 

observed increase in the time to breakdown and jitter indicates 

unstable operation of the PCS. 

When the switch was filled with CO2 and stressed with 90% 

of the self-breakdown voltage, the time to breakdown increased 

and saturated at ∽(60-67) ns for pressures 3-7 bar for both 

energisation levels and then increased sharply to ∽160 ns at 

8 bar (for 90% self-breakdown energisation level). Again, this 

increase in the time to breakdown and jitter was observed at the 

maximum operating pressure, 8 bar: no breakdown events in 

CO2 were observed for higher gas pressures. It was not possible 

to fit function (3) to the time to breakdown data in CO2.  

In the case of the Ar/O2 mixture, breakdown events were 

observed over the full pressure range for both, 70% and 90% 

self-breakdown energisation levels. The time to breakdown 

varied slightly within this pressure range and remained 

 (30 - 35) ns for both energisation levels. Exponential 

function (3) was fitted to the time to breakdown data with a low 

power coefficient, N = (2.5 ± 3)×10-3 , (Table III). 
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In order to investigate jitter for the PCS filled with all tested 

gases, jitter as a function of the gas pressure in the switch was 

plotted in Fig.7. As can be seen from Fig. 7, in the cases of air, 

CO2 and N2, jitter increased with an increase in the gas pressure. 

When the switch was filled with air, jitter varies in the range 

from 1 ns to 3.8 ns for pressures up to 5 bar for both 

energisation levels and then rose sharply to  (54 - 108) ns for 

pressures  >7 bar (for the 90% energisation level). For the 70% 

energisation level jitter increased to 120 ns for 6 bar which 

was the highest operating pressure for air at this energisation 

level.    

 

 
 

 
 

 

 
 

 

 
 

Fig. 7. Jitter for the PCS as a function of gas pressure for both 70% and 90% of 
the dc self-breakdown voltage applied across the switch as a dc stress voltage. 

(a), air; (b), N2; (c), CO2; (d), 90%/10% Ar/O2. 

 

In the case of N2 and CO2, jitter increases from a few ns at 

low pressures up to 14 ns for CO2 (at 8 bar, the 90% 

energisation level) and up to a few 10’s ns for N2 at 6 bar. These 

pressures, 8 bar and 6 bar, were the maximum operating 

pressures for CO2 and N2 respectively.  When the switch was 

filled with the Ar/O2 mixture the jitter remained within the 

range from 1.6 ns to 3.5 ns for pressures up to 6 bar for both 

energisation levels, and demonstrated a decreasing tendency for 

pressures > 6 bar reaching the values of 1.2 ns and 1.1 ns at 

10 bar for the 70% and 90% energisation levels respectively. 

III. WEIBULL STATISTICAL ANALYSIS 

The obtained time to breakdown data were subjected to a 

Weibull statistical analysis, [28], [29], in order to compare the 

reliability of the switch when filled with different gases. 

A three-parameter Weibull distribution, [30], [31], used in the 

present analysis is described by the cumulative distribution 

function of the probability of breakdown events, F(tbr): 

 

             𝐹(𝑡𝑏𝑟) = 1 − 𝑒𝑥𝑝 {− (
𝑡𝑏𝑟−𝑡0

𝛼
 )

𝛽

} ;   𝑡𝑏𝑟 ≥ 𝑡0 (4) 

 

where tbr is the time to breakdown; α is the scale 

parameter - the characteristic time to breakdown; β is the shape 

parameter which defines the slope of the regressed line in the 

Weibull plot; t0 is the location parameter - the waiting time 

which is related to the minimum time to breakdown. 

As an example, Fig. 8, shows the Weibull distribution graph 

for the time to breakdown when the switch was filled with CO2 

at 1 bar, and stressed with 70% of the self-breakdown voltage. 

This statistical analysis was performed using Origin Pro 

graphing software which provided the Weibull coefficients, α, 

β, and t0; and calculated both, upper and lower, 95% confidence 

intervals. The Weibull statistical analysis was performed using 

the data for all gases, pressures and energisation levels. 
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Fig. 8. F(tbr) for the PCS filled with CO2 at 1 bar and stressed with 70% of the 

self-breakdown voltage.  

 

Figs. 9 - 11 show the obtained Weibull parameters for the 

switch filled with air, N2, CO2, and Ar/O2 for each gas pressure 

in the range from 1 bar to 10 bar, and for two energisation 

levels, 70% and 90% of the self-breakdown voltage. 

 

 

 

 
Fig. 9. The scale parameter as functions of the gas pressure for both 70% (open 

symbols) and 90% (solid symbols) of the dc self-breakdown voltage. 

Connection dashed lines are provided for visual guidance only. 

 

  

Fig. 10. The shape parameter as functions of the gas pressure for both 70% 

(open symbols) and 90% (solid symbols) of the dc self-breakdown voltage. 

Connection dashed lines are provided for visual guidance only. 

 

  
Fig. 11. The location parameter as functions of the gas pressure for both 70% 

(open symbols) and 90% (solid symbols) of the dc self-breakdown voltage. 

Connection dashed lines are provided for visual guidance only. 

 

It was found that the scale parameter (the characteristic time 

to breakdown), α, increases as the gas pressure in the switch 

increases for all tested gases except for the Ar/O2 mixture, 

Fig.9.  For N2 and CO2 α increases at the maximum operating 

pressure, which is the maximum pressure at which breakdown 

events were achieved in these gases.  

The shape parameter, β, defines the slope of the cumulative 

distribution function (4) in the probability plot. β > 1 indicate 

that the switch has an increasing rate of breakdown events with 

the time to breakdown. For all gases at all tested pressures 

(except for air at pressures >7 bar), the shape parameter β is 

greater than 3.7, Fig.10, thus the probability distribution 

function is negatively skewed indicating a higher probability of 

breakdown events with longer time to breakdown. In the case 

of the Ar/O2-filled switch the shape parameter, β, demonstrates 

an increasing tendency for gas pressures above 7 bar (for 90% 

energisation level). However, in the case of air, for pressures 

> 7 bar (and the same energisation level), the values of β tend 

to 1. If β = 1, the reliability of the switch remains the same 

during its operation, i.e. the rate of breakdown events doesn’t 

depend on the time to breakdown. 

The location parameter, t0, is related to the minimum time to 

breakdown in the PCS. For air, CO2, and N2 the location 

parameter (waiting time) increases with an increase in the gas 

pressure, Fig.11. However, in the case of the Ar/O2 mixture, t0 

remained almost the same, 3.5 ns, over the whole range of the 

tested pressures.   

IV. CONCLUSION 

The breakdown parameters of a plasma closing switch with 

a highly non-uniform field topology developed in the present 

study have been obtained and analysed. The switch is intended 

to operate when filled with environmentally friendly gases: the 

present work provides a comprehensive analysis of the self-

breakdown voltages, the time to breakdown and jitter of the 

switch when filled with air, N2, CO2, and a Ar/O2 mixture. 

In the developed switch topology, needle electrodes are 

mounted on the central trigger electrode. The corona discharges 

initiated at the tips of these electrodes stimulate the production 

of charged species including free electrons which helps to 

minimise the statistical time lag in the breakdown process [32], 

[33]. In [34], for example, it was shown that the inclusion of a  

corona electrode helps to reduce the jitter of a spark-gap switch 

filled with O2/N2 mixtures with a range of  concentrations of N2 

or with pure N2 by a factor 3.6, from 55 ns down to 15 ns. The 

next objective is to investigate the operating performance of the 

developed PCS in repetitive regimes: it is expected that corona 

discharges will provide an improved voltage recovery rate as it 

was shown in the case of SF6-filled switch, [35].  

It was found that the self-breakdown voltage, Vbr, increases 

for all tested gases as the gas pressure increases and they are 

similar for both positive and negative polarities of dc stress. The 

obtained functional behaviour of the self-breakdown voltage 

shows an almost linear functional dependency on the pressure 

in the case of air and N2, providing a high degree of 

predictability in operation of the switch filled with these gases.  

However, for the Ar/O2 gas mixture and for CO2 the 

functional dependency of Vbr(p), demonstrates a non-linear 

behaviour which is typically observed in electronegative gases 
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in highly divergent electric fields. Corona discharges result in 

the development of space charge and in shielding of the electric 

field near the corona electrode(s), [36], [37]. Thus, within a 

specific range of the experimental parameters (including 

operating gas pressure), the breakdown voltage increases faster 

than the corona ignition voltage; the difference between these 

two voltages provides the corona stabilised regime of operation. 

However, in some cases, with an increase in the gas pressure 

above a specific value, the breakdown voltage saturates or even 

decreases, [26], [38]. As a result, the difference between the 

corona ignition and breakdown voltages reduces or disappears 

completely (no corona stabilization regime). This complex 

phenomenon depends on multiple parameters including the gap 

topology, gas composition and gas pressure.  In the present 

work, the self-breakdown voltage for the Ar/O2 gas mixture and 

CO2 demonstrated such a non-linear behaviour: for these gases, 

the maximum Vbr was achieved at 7 bar with the measured Vbr 

then decreasing at higher pressures.  

The standard deviation in the self-breakdown voltage, Vbr, 

is another important parameter which characterizes stability of 

the breakdown operation of the PCS. It was found that for air 

Vbr increases from 1.6% (at 1 bar) to 5.7% (at 10 bar); for N2 

from 1.5% to 8.8%; and for CO2, from 2.3% to 5%. For the 

Ar/O2 mixture this range is from 1% to 3% (except the high 

value of Vbr obtained at 7 bar). These values are comparable 

to, or lower than, the values of the standard deviation in the self-

breakdown voltage, 3% to 4%, reported in [11] for the plasma 

closing switch filled with SF6.  

It was found that N2 and the 90%/10% Ar/O2 gas mixture 

demonstrated lower self-breakdown voltage as compared with 

other tested gases, however N2 and Ar/O2-filled switch has the 

lowest standard deviation in the self-breakdown voltage. 

Therefore, potentially N2 and the Ar/O2 gas mixture could 

provide the most stable breakdown characteristics in the case of 

operation of the switch in the self-closing regime.   

The obtained results show that in the triggered regime of 

switch operation, the time to breakdown in the case of applied 

dc stress both, 70% and 90% of the self-breakdown voltage 

increases as the gas pressure increases for air, CO2, and N2. For 

the 90%/10% Ar/O2 gas mixture, as the gas pressure within the 

switch increases, the time to breakdown remains within the 

range 31 ns to 35 ns for all gas pressures, from 1 bar up to 

10 bar. Thus, this gas mixture provides high stability in terms 

of the time to breakdown of the plasma closing switch. It was 

found that the 90%/10% Ar/O2 gas mixture also provides the 

lowest jitter as compared with the other tested gases, jitter as 

low as 1 ns was obtained at 10 bar for this gas mixture. It is 

also important to note that switch jitter decreases as the Ar/O2 

gas mixture pressure increases. Potentially, with further 

increase in the pressure of the Ar/O2 mixture in the switch, jitter 

may be reduced to sub-nanosecond level. Another option that 

could provide reduction in jitter is an increased magnitude of 

the trigger impulse which will be studied in future work.  

The statistical Weibull analysis of the time to breakdown data 

demonstrated the general tendencies of the Weibull distribution 

parameters as functions of the gas pressure. It was shown that 

the characteristic time to breakdown and the waiting time to 

breakdown for the 90%/10% Ar/O2 gas mixture remain almost 

constant over the whole pressure range, while for the other 

gases these parameters increase with an increase in the gas 

pressure.  The obtained results will help to identify 

environmentally friendly gases that could be used in specific 

practical pulsed power applications and will provide stable 

breakdown characteristics of PCSs.  
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