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ABSTRACT                                                                                                                                                                         
a                                                                                                                                                                   
a                                                                                                                                                                  
a                                                                                                                                    

PLASMA BREAKDOWN IN SULFUR HEXAFLUORIDE AND AIR MIXTURES IN HIGH 

VOLTAGE SWITCHES 

a                                                                                                                                                                   
a   

 High voltage spark gap switches are critical components used across a wide range of 

electrical systems where reliable switching and protection at high voltage is required. Power 

transmission and generation systems rely on such switches to protect systems in the event of 

switching surges, while also functioning as switching elements in high-voltage circuit breakers. 

High voltage spark gaps enable the controlled delivery of enormous amounts of electrical energy 

in very fast timescales. Such properties make spark gap switches highly desirable for pulsed power 

facilities such as Sandia National Laboratories Z-Machine. Across all applications, these switches 

must reliably hold off very high voltages on the order of hundreds of kilovolts, while maintaining 

accurate function. Switchgear must operate for long periods of time, with minimal maintenance. 

Spark gaps commonly use dielectric gas to insulate the electrodes and improve performance. 

Among such gases, sulfur hexafluoride (SF6) has been the preferred choice due to its excellent 

breakdown and recombination qualities. 

 Sulfur hexafluoride possesses exceptional dielectric strength due to its large molecular size 

and high electronegativity, which allows it to effectively capture free electrons and prevent 

avalanche breakdown in high electric fields. Additionally, SF6 demonstrates superior 

recombination properties, as its dissociation products tend to recombine back into stable SF6 

molecules, maintaining consistent gas composition and breakdown voltage over many switch 
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closures. However, SF6 is also an expensive gas which presents significant supply chain 

challenges. SF6 also presents a major asphyxiation hazard in the event of a leak. Efforts to remove SF6 from current high voltage systems require significant design revisions and are difficult to 

implement quickly. A possible solution to reduce SF6 usage is to use a mixture of SF6 and zero-air 

(synthetic air nominally composed of 79% N2 and 21% O2, with trace impurities typically below 

1 ppm total) at higher operating pressure. However, such mixtures do not yet have large amounts 

of data supporting their breakdown properties or long-term reliability.  

 This thesis presents the design of an experimental system that measures the breakdown 

voltages of zero-air - SF6 mixtures at varying operating pressures and compositions. Long-term 

measurements of breakdown voltage stability and switch reliability using Weibull analysis are also 

presented. The theoretical background of Paschen’s law is discussed, including linear 

approximations in high pressure-distance ranges. Significant efforts were undertaken to accurately 

measure the voltage immediately prior to breakdown by minimizing free variables and losses. New 

switch designs were created, and significant system alterations were made to improve data 

collection accuracy. System automation was enhanced to accommodate very long test series which 

would otherwise require significant manual labor over many days.  

 Results indicate that relatively small concentrations of SF6 in gas mixtures significantly 

increase breakdown voltage compared to pure air. Furthermore, repeated breakdown testing of 

these mixtures demonstrates comparable, though slightly reduced, reliability compared to pure SF6. Future investigations examining breakdown products or electrode surface conditions could 

provide better understanding of the recombination dynamics in these mixed-gas systems. 
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1. Introduction and Background 

 

 

 

1.1 High Voltage Switches and Pulsed Power 

 The Pulsed Power and Plasma Science Center (P3SC) at Colorado State University (CSU) 

was developed with assistance from Sandia National Laboratories (SNL) to analyze high voltage 

switchgear in use on their pulsed power systems [1]. Pulsed power is the process of using a low-

power source to slowly charge and store large amounts of electrical energy. This energy is then 

rapidly discharged in a single, compressed pulse [2]. This resulting pulse occurs over very small 

timescales, creating immense power concentrations. Pulsed power was swiftly adopted by the 

fusion community, primarily for the continued study of Inertial Confinement Fusion (ICF). One 

method to achieve ICF conditions is to deliver a very large amount of power to a very small target, 

forcing it to ionize into a plasma that implodes due to intense magnetic fields created by the pulse 

of current. The compressed plasma can then reach high temperatures suitable for fusion conditions 

[3], [4].  

 One such example of a pulsed power machine is SNL’s Z-Machine (Figure 1), which 

utilizes pulsed power to create the world’s most powerful radiation source [3]. The Z-machine 

operates by storing electrical energy in 36 separate megavolt-class Marx banks. Each Marx bank 

consists of sixty capacitors, that are slowly charged in parallel to the desired voltage. When ready 

to fire, these Marx banks are discharged in series, adding the stored voltages to create a megavolt 

class pulse [5]. This pulse is then sent to an intermediate store capacitor, which briefly stores the 

energy before a High Voltage Laser Triggered Switch (HV-LTS) which is then used to individually 

switch over this stored energy, sending it to the pulse forming coaxial lines. These lines then lead 
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to a self-breaking water switch that sharpens the pulse, before the voltage is finally sent to 

magnetically insulated transmission lines and then to the load [1], [6].  

 

Figure 1: Z-Machine. Credit: https://www.sandia.gov/z-machine/. 

 

Each store capacitor has its own HV-LTS, this allows for staggering of the trigger time and 

allows researchers to tailor the output characteristics of the machine. These switches must be 

carefully timed and controlled due to the immense voltages involved [7], [8]. Such switches are 

typically insulated using SF6 at reasonably high pressure. The P3SC was originally designed to 

further examine HV-LTS behavior in cooperation with SNL [1]. A system that replicated similar 

conditions to the store capacitor and HV-LTS (Figure 2) was studied using optical and electrical 

diagnostics such as Thomson scattering [9]. The objective of this work was to examine the 

https://www.sandia.gov/z-machine/
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behavior of controlled breakdowns by laser triggering and the validity of the Martin-Braginskii 

Switch model in new, low-impedance switches [10]. 

Now, the P3SC’s focus has shifted to research alternative gas mixtures to help reduce SF6 

usage in switchgear at the national lab. To utilize these gas mixtures effectively in HV-LTS’s the 

self-break voltage for a given gas at a specified pressure must be known.  

 

Figure 2: HV-LTS open setup at CSU P3SC. 

Many high voltage switch designs use spark gaps [11]. Spark gaps operate by using a gas 

at a given pressure spaced apart from each other by a distance. The set of electrodes are charged 

to a high voltage, with one electrode leading to the load, and then to ground. This high potential 

across the gap creates an electric field. If the field is of sufficient strength, the gas then rapidly 

ionizes via electron avalanche ionization, creating a conductive plasma [11], [12]. This plasma 

then connects the two electrodes by streamer propagation, allowing current to flow effectively 
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closing the switch [13], [14]. This process is spontaneous, and timing can be challenging to control 

when the electrodes are brought to sufficient breakdown voltage. Thus, many switches in use are 

not brought to their breakdown voltage, but rather a percentage of this voltage. Then, a triggering 

mechanism such as a laser pulse can be used to initiate breakdown [1], [10], [15], [16]. This 

percentage of self-break requires known self-breakdown voltages, which are specific for every gas 

or gas mixture. To calculate these voltages, Paschen’s Law is commonly used. 

1.2 Townsend Discharge and Paschen’s Law 

 Paschen’s Law describes the breakdown voltage (𝑉𝐵) required for a particular gas to ionize 

and form an arc between two electrodes as a function of the product of the pressure and gap 

distance (i.e., 𝑝𝑑) [17]. This law is derived from Townsend discharge, also called electron 

avalanche ionization, occurring in the gas [18], [19]. Paschen’s Law, which governs the breakdown 

voltage, 𝑉𝐵, is expressed as: 

where 𝐴 and 𝐵 are gas – dependent constants from Townsend’s first ionization coefficient, 𝛾 is the 

secondary electron emission coefficient from the cathode, 𝑝 is the pressure, and 𝑑 is the gap 

spacing. To get coefficients 𝐴 and 𝐵, one must first examine the Townsend Breakdown criterion 

for a self-sustained discharge in a gas [20]. The first Townsend coefficient 𝛼 represents the number 

of ionizing collisions made by a single electron per unit length [21]. 𝛼 can be modeled with the 

following equation for a uniform electric field condition: 

(1) 𝑉𝐵 = 𝐵𝑝𝑑ln(𝐴𝑝𝑑) − ln (ln(1 + 1/𝛾)) (1) 

(1) 𝛼 = 𝐴𝑝 ∗ 𝑒−𝐵𝑝𝐸  (2) 
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where 𝐸 is the average electric field in the gap, 𝐴 is the ionization frequency scaling factor, and 𝐵 

is the ionization energy threshold parameter.  

𝐴 is a constant which quantifies the number of ionizing collisions per unit length per unit 

pressure in a sufficiently strong electric field. It represents how easily electrons in a particular gas 

can initiate ionization. 𝐵 is a constant which quantifies the required energy for an electron to gain 

before it can ionize a neutral gas molecule. Both of these constants are dependent on the gas used 

as the breakdown medium [22]. By using standardly accepted values of 𝐴, 𝐵, and γ for air and SF6 

from literature [23], theoretical Paschen curves were generated in Figure 3.  

 

Figure 3: Theoretical Paschen curves with standard 𝐴, 𝐵, and 𝛾 values. 
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1.3 The Martin – Braginskii Switch Model 

 Many systems which use high voltage spark gaps require precise timing and low jitter. The 

model currently used to predict the behavior of plasma in high voltage switches is the Martin - 

Braginskii model [24], [25]. This model was originally created by Braginskii during his studies on 

lightning formation in 1958. After breakdown occurs at the voltage predicted by equation (1) and 

the plasma channel connects the anode and cathode, current begins to flow through the completed 

channel of plasma. Joule heating is the dominant energy addition mechanism. This heating causes 

the channel to widen, and the energy is dissipated once the driving current ceases. 

 Braginskii treats the outermost plasma front as a “piston” traveling at supersonic speeds. 

This piston drives a shock front which ionizes the background gas. Braginskii then uses several 

assumptions to solve the conservation equations of continuity, motion, and energy. These 

assumptions include cylindrical symmetry, fully ionized collisional plasma, Spitzer resistivity, no 

losses except from expansion, and electron-ion collisions. Braginskii starts with the electron 

energy equation in cylindrical coordinates [26]: 

(1) 𝑑𝑑𝑡 (32 𝑛𝑒𝑘𝐵𝑇𝑒) = 𝜎𝑗2 + 𝛻 ∙ (𝜅𝑒𝛻𝑇𝑒) 
(3) 

where 𝑛𝑒 is the electron density, 𝑇𝑒 is the electron temperature, 𝜎 is Spitzer electrical resistivity, 𝑗 

is current density, and 𝜅𝑒 is Spitzer thermal conductivity. For a resistive heating mechanism, 

Spitzer resistivity is used to compute the electrical resistivity: 

(1) 𝜎𝑗2 = 𝜎0𝑇𝑒−32 ( 𝐼(𝑡)𝜋𝑟(𝑡)2)2
 (4) 

Then, this resistivity is used to compute the thermal conductivity, assuming radial heat transport 

due to the cylindrical nature of the plasma: 
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(1) 𝛻 ∙ (𝜅𝑒𝛻𝑇𝑒) ≈ − 𝜅𝑒𝑇𝑒𝑟2  (5) 

Braginskii then assumes constant density and then estimates thermal pressure to drive the 

expansion of the plasma channel. He then uses experimental data to determine a final relationship 

between plasma radius and current: 

(1) 𝑟(𝑡) ∝ ( 𝜂0𝐼02𝜌 )14
 (6) 

Where 𝜌 is the density. He then arrives at the expression of radial expansion: 

(1) 𝑟(𝑡) = 𝐴𝑡𝑘 (7) 

Where 𝐴 and 𝑘 are constants associated the channel growth. Tom Martin then adapted this model 

to determine plasma resistivity and expresses radial growth as: 

(1) 
𝐼2𝜎 = 2𝜋2𝜌0𝜁(𝑟̇𝑟)3 (8) 

Where r is the plasma channel radius and 𝑟̇ is the first time derivative. 𝜁 is defined as: 

(1) 𝜁 =  𝜅𝑒 (1 + 2 − 𝑘−1𝛾 − 1 ) (9) 

Where 𝛾 is the ratio of specific heats, and k is the same constant in equation (7). Given this, 

equation (8) can be rewritten and integrated: 

(1) ( 4𝜎𝜋2𝜌0𝜁)13 ∫ 𝐼23𝑑𝑡 = 𝑟2 (10) 

Tom Martin then uses equation (10) to compute the plasma resistance 𝑅 as: 
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(1) 𝑅 = 𝐿𝜎𝜋𝑟2 (11) 

Where 𝐿 is the gap length, and 𝑟2 is determined from equation (8) based on time-dependent 

current. This resistance is then used to determine the behavior of switchgear, predicting current 

rise-times and run-times. 

 Thomson scattering measurements performed at the P3SC were performed to examine the 

behavior of the switch at atmospheric conditions [9], [10]. These measurements demonstrated that 

new, low-impedance switches could deviate from the Martin-Braginskii model. Particularly, a 

notable increase in electron temperature occurs during the rising edge of the current pulse, which 

is not normally predicted. These measurements seen in Figure 4 give insight into the state of the 

plasma in the switch. High electron temperatures of ~25 eV indicate that much of the gas in these 

switches is fully ionized even at low operating voltages (~12 kV), creating a large amount of 

possible recombination pathways for the ions to take while cooling. This is one of the primary 

reasons SF6 is used, as it tends to recombine back into SF6 quickly [27].  

 

Figure 4: Electron temperature measurements in HV-LTS. Credit : Jacob Gottfried [10]. 
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1.4 Research Motivation 

 Sulfur Hexafluoride is a dielectric gas with properties desirable for use in high voltage 

switches systems [11], [28]. With a high dielectric strength, this gas can be used at lower pressures 

than other gases while still requiring a very high voltage to breakdown [29]. Additionally, SF6 has 

desirable arc quenching properties which help quickly interrupt the current by extinguishing the 

arc [4]-[6]. This quenching property also limits equipment damage and makes the operation of the 

switch safer for personnel [32]. SF6 also tends to decompose into byproducts such as SF4 and S2F10, which then recombine back into SF6 after the arc is quenched, restoring the same insulating 

capability [27]. While  SF6 provides significant performance benefits, it is also very expensive, 

and faces major supply chain challenges, particularly given the large quantities needed for modern 

high voltage and pulsed power systems. The need to reduce SF6 usage is a pressing issue for the 

continued development and operation of such systems. Currently, no solution exists to fully 

eliminate this gas from modern high voltage applications. 

 Efforts to find alternative gases to SF6 are ongoing, but more research is still needed, as 

many of these gases are expensive and challenging to implement [11]-[14]. Another possible 

solution is to use zero-air (synthetic air nominally composed of 79% N2 and 21% O2, with trace 

impurities typically below 1 ppm total) at higher pressure to insulate systems [37], [38]. However, 

this also creates problems due to the high-pressure requirement, poor arc quenching properties, 

and poor reliability over time [39], [40]. Thus, a mixture of zero-air and SF6 is being considered 

to bridge the gap. Ideally, this would not require significant equipment redesigns. A mixture may 

be able to reach sufficiently high voltages with less increase in operation pressure when compared 

to a pure zero-air counterpart [29]. Currently, there is limited data available on these mixtures to 

support new switch designs. This research aims to address that need. 
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1.5 Thesis Objectives 

 The main objectives of this work are as follows: 

• Develop a testing method to isolate dielectric gas behavior in current switch testbed. 

• Alter switch testbed to minimize losses and accommodate future measurements. 

This consists of alterations including: 

o Replacement of SF6 submersion tank with an oil submersion tank.  

o Alteration of switch housing to accommodate higher pressure operation, 

including creation of pressure management systems for gas mixing and 

filling.  

o Voltage measurements from power supply mirror with accurate calibration 

using a Fluke high voltage probe.  

o Implementation of automated breakdown, pressurization, and data 

collection for long data sets.  

• Use the adjusted testbed to collect Paschen data for various mixtures of SF6 and 

zero-air.  

• Perform long-term, unpurged breakdown measurements to examine gas behavior 

over many breakdown events with Weibull analysis.  

The outline of this thesis is presented chronologically, beginning with initial design work to adjust 

the switch testbed at CSU in preparation for the intended experiments. Chapter 2 describes much 

of the work done to increase the testbed capabilities, including experimental procedures. Chapter 

3 presents results and analysis of data regarding SF6 and zero-air mixtures, as well as long-term 

data examining gas behavior and reliability. Chapter 4 presents conclusions and discusses possible 

future work. 
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2. Experiment Design and Laboratory Development 
 

 

 

2.1 Methodology 

 Accurately measuring the breakdown voltage for a given gas or gas mixture involves 

several challenges. Notably, the breakdown voltage is not solely dependent on the gas species, as 

seen in equation (1). There are several variables which must be kept as constant as possible 

between tests, to ensure the gas behavior is being isolated, and the system performance is not 

majorly dependent on another variable. For the performed experiments, a constant gap spacing of 

3.5 mm was maintained between the electrodes at all times, fixing the d variable. Pressure was an 

independent variable, which would vary anywhere from atmospheric pressure to approximately 

180 kPa. Finally, this leaves the 𝐴, 𝐵, and γ variables. 𝐴 and 𝐵 are constants associated with the 

individual gas species and therefore change depending on each examined mixture. However, γ is 

primarily dependent on the electrode material, which is not changing.  

With every breakdown event, energy will be deposited into the electrode faces, this could 

cause changes in the surface chemistry and thus, γ. To combat this, several options were 

considered, including the design of a switch with rotating electrodes, which change the surfaces 

after every shot. However, due to time constraints this was not manufactured, and a conditioning 

process was instead used to maintain relatively constant surface conditions. The conditioning of 

electrodes for high-voltage spark gaps is a well-established process which has been proven to be 

reliable [41], [42].  

Measuring the voltage and current of the switch closure transiently was considered, but 

was ultimately not performed, as only the voltage prior to breakdown was needed. Thus, the 
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measurement of the breakdown voltage was determined by using a calibrated mirror output from 

the power supply. The voltage was very slowly ramped, to ensure the system did not overshoot the 

breakdown event. Using LabVIEW peak-finder, the maximum voltage prior to breakdown was 

collected. The transient electrical measurements considered involved the usage of derivative 

monitors, such as a B-dot or D-dot probe. A current viewing resistor (CVR) was also considered 

but was not implemented. A CVR is quite simple, having a highly calibrated, known resistance, 

one uses Ohm’s law and the measured voltage to determine current.  

2.1.1 – Derivative Monitors 

 Derivative Monitors have been used by the Pulsed Power community for many years to 

accurately measure transient voltage and current pulses [43]. Based on the self-integrating 

Rogowski coil, derivative monitors measure the changing electric or magnetic fields that are 

creating during a current pulse. Thus, they tend to be non-intrusive and can safely measure very 

large voltages or currents without damage [44]. Two types of derivative monitors were considered 

for use, a B-dot probe for current, and a D-dot probe for voltage.  

A B-dot probe measures the changing flux of the magnetic field by use of a single-turn 

conductor parallel to the magnetic field. In practice, B-dots are constructed by inserting a single 

loop coil in an insulation medium such as epoxy, this core is then placed inside of a conductive 

shell. The loop and shell are then linked to a coaxial cable by an SMA connector, which is 

connected to an integrator, and then to an oscilloscope which measures the integrated voltage [43]. 

By Ampere’s law, the B-dot experiences an induced electromotive force (EMF) as the current pulse 

creates a changing magnetic field [45]. This EMF creates an induced voltage which corresponds 

to the change of field seen by the flux loop, and this voltage is related to the current being 

measured. Typically, the output of the probe is then sent to an RC integrator. This probe must then 
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be carefully calibrated against a known current pulse [46]. After the calibration, one must align it 

carefully to the new measured system, to maximize the magnetic field seen by the probe.  

A D-dot probe measures the changing flux of the electric field by using a capacitive 

coupling of a conductive plate on the probe, to the measured system. The D-dot is effectively an 

electric-field-coupled probe which measures the change in electric flux density at the surface of a 

conductor, to represent voltage [47], [48]. The construction of a D-dot probe consists of a 

conductor, such as a flat plate or coaxial shell, inserted into an insulating medium such as epoxy. 

This core is then inserted into a conductive shell, and the probe is linked to a coaxial cable by a 

SMA connector. The coaxial cable connects to an integrator, and then to an oscilloscope which 

measures the integrated voltage. As the voltage in the pulse changes, the electric flux density 

creates a changing capacitance and induced voltage. This change in voltage is typically sent to an 

RC integrator and can be used to measure the actual voltage change in the system. This probe must 

be carefully calibrated against a known source [49]. In similar fashion to the B-dot probe, the D-

dot must then be carefully aligned to maximize the electric field seen by the probe. A D-dot probe 

with an RC integrator can be seen in Figure 5.  

 

Figure 5: D-dot probe with RC integrator. 
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These probes can produce very high-quality transient measurements for fast events in high 

voltage pulsed systems. However, they are challenging to manufacture, calibrate, and install. For 

this work, a B-dot probe was used to examine the current pulse of the switch in a non-calibrated 

fashion. This was done to ensure the aqueous load resistor was tuned to a proper matched 

impedance with the system. All other experiments required measurements of voltage immediately 

prior to switch closure, which derivative monitors are not able to detect. Thus, a simple resistive 

probe, and the mirror output of the charging power supply were used to measure breakdown 

voltages. The inclusion of derivative monitors would certainly be helpful to better diagnose switch 

performance, but this work was not continued as it was not necessary. In fact, inclusion of such 

probes could possibly complicate data collection, by introducing field enchantments near the 

switch and creating additional loss mechanisms.  

2.2 Rotary Switch Development 

 To better isolate the switch performance from electrode surface changes, a new switch 

design was created at Sandia National Laboratory during a summer internship (Figure 6). The 

switch was originally intended to maintain optical access, to enable laser triggering and optical 

measurements. However, due to funding and time constraints, the switch was never fully 

implemented at CSU. In this switch system, the cathode and anode were placed on spindles linked 

to stepper motors. After each closure event, a spot size determined from the Martin-Braginskii 

model would be considered to be damaged [1], [9], [10]. The electrodes would then be rotated, 

presenting an un-damaged surface before each shot. This would guarantee that every breakdown 

event has a nearly constant γ, as the material has not changed between events.  

This switch was partially manufactured, and several components were tested at CSU. 

Including testing of the rotary mechanism, electromagnetic pulse testing of the motors, and 
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pressure testing of prototype 3D-printed vessels. Motor testing demonstrated that stepper motors 

in close proximity to the switch with fully grounded enclosures could successfully operate after 

several hundred switch closures. These closure events were at ~20kV, with the motors placed ~5 

cm from the electrodes. Hydrostatic pressure testing of additively manufactured pressure vessels, 

made of durable resin, were successful. The vessels did not fail until twice their designed operating 

pressure. Such results support the possibility of future experiments on new switch topologies 

which are independent of electrode surface characteristics for relatively low manufacturing cost.  

 

Figure 6: Rotary switch prototype model. 
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2.3 Experiment Alterations for Breakdown Measurements 

 The P3SC was originally designed such that most of the electrical components exposed to 

high voltage were submerged in a large tank, filled with SF6. A gas was used rather than oil, to 

accommodate optical diagnostics. However, the system experienced high losses due to suspected 

corona discharge from the switch body to the grounded Faraday cage around the SF6 vessel. These 

losses  would cause changes in measured breakdown voltage and would not be sufficient for 

intended future experiments. The system was manually controlled, with all pressure, voltage, and 

measurement systems needing to be manually adjusted for every experiment. The intended work 

for this thesis required the system to be changed, to minimize losses and improve data collection 

speed. As seen in Figure 7, an oil vessel was created to submerge the tank and insulate the 

switchgear. This vessel was filled with Shell Diala, a powerful dielectric transformer oil well suited 

for this type of application.  

 

Figure 7: Model of transformer oil vessel with switchgear. 
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2.3.1 Electrical  

The P3SC operates a simple circuit consisting of a negatively polarized Glassman WK high 

voltage power supply (PS/WK125P5.0-11), linked to a set of two Ross 40kV-Air relays, which are 

normally closed and ground the system. The relays are connected to an aqueous copper sulfate 

charge resistor, to protect the power supplies from reflections during switch closure. The charge 

resistor is then connected to a 100 kV, 20 nF liquid capacitor. The top of the capacitor is then 

attached to the cathode side of the switch, which consists of two stainless steel electrodes with flat 

faces spaced 3.5 mm apart within a Delrin pressure chamber (Figure 8). The anode side of the 

switch is then connected to a tunable aqueous liquid resistor acting as a load, filled with a solution 

of sodium chloride and deionized water (DI water). This resistor can be tuned by increasing or 

decreasing the salt content in the DI water. For experiment operation, this resistor is tuned until 

the load is impedance matched [9]. Finally, this resistor is connected to ground, along with the 

other side of the main capacitor. All connections were made using 2-gauge solid copper wire, or 

solid copper bus plates. 

 

Figure 8: HV-LTS setup with Delrin enclosure. 
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Figure 9: Switch electrical schematic with tunable load resistor. 

During operation, the relays are opened, and current is allowed to flow into the capacitor. 

The voltage in the capacitor slowly rises, limited by the power supply to 0.1 mA to prevent 

overvoltage and incorrect measurement of the breakdown voltage. Eventually, as the switch 

approaches the required voltage for breakdown, which depends on the set gas mixture and 

pressure. The gas rapidly ionizes, forming a plasma, and the capacitor quickly discharges the stored 

voltage across the gap. The load resistor then accepts the voltage pulse, and the voltage is 

discharged to ground, the complete circuit can be seen in Figure 9. The plasma is then no longer 

sustained as the potential across the gap falls, and the switch re-opens. The capacitor then begins 

to charge again, and this process is repeated until the relays are closed. Liquid resistors are used in 

this application as opposed to traditional, solid ones. The joule heating caused by closure events is 

quite high, and many resistors would fail after several breakdown events. Liquid resistors are 

capable of accepting far more energy, due to their high specific heat capacity, precision, and 

longevity [50]. All switch components can be seen in Figure 10.  
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Figure 10:  Deconstructed high voltage switch with electrodes and aqueous load resistor. 

Significant efforts were made to shield the lab from intense electromagnetic interference 

during switch closure. Such interference would prevent accurate measurement of the voltage and 

would create issues with automated systems. Originally, a single Faraday cage made of brass mesh 

was added around the oil tank, but notable interference was noticed in computer systems used in 

the lab. A second cage was added around the tank, and a third cage was added around the room the 

switch was located in. Additional stainless steel mesh shielding was added to various cables 

connecting the computer and data acquisition (DAQ) systems to the rear of the power supply for 

measurement. The Faraday cage can be seen surrounding the oil vessel in Figure 11.  
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Figure 11: High voltage switch experiment with Faraday cages. 

To further reduce losses in the system, the second set of relays which were no longer 

operated were removed. These relays provided an additional path to ground and created a possible 

loss pathway. The wiring for these relays was also removed, and the single set of relays was tested 

to ensure that they closed and opened properly, including in the event of an emergency shut off.  

2.3.2 Pressure 

The P3SC was originally designed for single-gas pressurization, and most experiments 

were to be run at a set pressure for an entire experiment. Later, the switch was run without any 

pressure for better optical access [10]. Given the current work was intended to examine breakdown 

voltage at various pressures, the system needed substantial redesign to accommodate the changes. 

Mainly, this included the addition of gas mixing capabilities, pressure measurement, and more 



21 

 

sophisticated pressure controls. Originally, the system was entirely manual. Original attempts to 

use the manual system for pure gas measurements were very laborious, and time consuming, 

further emphasizing the need for a system redesign.  

The switch was originally pressurized with an old valve system, connected to the original SF6 submersion tank, which was removed as the new oil tank was added. A new system was 

designed, this time with the addition of a gas mixing tank. This tank would allow for the creation 

of a high-pressure mixture of gases, by using Dalton’s law of partial pressures. Then, the mixing 

tank would act as the primary pressure source, ensuring the switch volume was filled with the 

correct mixture for every operating pressure. The complete pressure schematic can be seen in 

Figure 12.  

 

Figure 12: Automated pressure system schematic. 
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All pressure lines outside of the primary faraday cage are made of stainless steel, with 

Swagelok connections sealed with Teflon tape. The pressure lines into and out of the switch body 

are made of polyethylene tubing, as conductive steel tubing would act as a path to ground. Leak 

tests show that there is very minimal leak in the system, with no pressure drops being recorded 

over an 8-hour test period.  

To properly fill the switch with the correct mixture, there is a specific order of operations 

which must be followed to ensure that the volume is purged and filled with the proper gas. The 

order of operations is as follows:  

1. Open zero-air tank and adjust the regulator to desired partial pressure. 

2. Open SF6 tank and adjust the regulator to desired partial pressure.  

3. Open zero-air valve (1), mixing tank valve (3), and purge valve (4). Flow zero-air to 

purge system for 2 seconds.  

4. Close zero-air valve (1), mixing tank valve (3), and purge valve (4).  

5. Open SF6 valve (2), bring mixing tank to correct partial pressure measured by 

transducer (1). 

6. Close SF6 valve (2), allow pressure to stabilize.  

7. Open zero-air valve (1), bring mixing tank to correct total pressure measured by 

transducer (1).  

8. Close zero-air valve (1), allow pressure to stabilize.  

9. Open purge valve (4), open mixing tank valve (3), purge system with proper gas 

mixture for 2 seconds.  

10. Close purge valve (4), pressurize until transducer (2) is at desired operation pressure.  

11. Close mixing tank valve (3), allow pressure to stabilize.  



23 

 

12. Run experiment, after completion, open purge valve (4), and open mixing tank valve 

(3) until system returns to ambient condition.  

2.3.3 Automation 

 To increase the experiment speed and minimize manual operation, an automated system 

was developed in LabVIEW to pressurize, energize, and measure the breakdowns of the 

experiment. Two Honeywell PX2AN1XX030PAAAX pressure transducers are used to monitor the 

pressures inside of the mixing tank and inside of the switch volume. The transducer signal is then 

used to feed back into the LabVIEW program by means of a NI-USB6003 data logger, allowing 

for the user to set a desired test pressure. The LabVIEW then follows the correct order of operation 

as listed in section 2.3.2, by operating three iQ Tesla 2-way valves. Once pressure conditions are 

correct, the only remaining manual input required for the tests to proceed is the opening of the 

primary charge relay. The LabVIEW program then continuously measures the voltage in the 

system, by means of a mirrored output on the rear of the power supply. Eventually, the breakdown 

occurs, and the voltage rapidly drops. The data stored by the LabVIEW program is sent to a file 

read by a MATLAB script, which determines the maximum recorded voltage prior to the 

breakdown event.  

2.4 Measurement Methods 

 To accurately measure the voltages and pressures in the experiment, the systems 

transducers and mirror output measurements need to be calibrated. Voltage calibration was done 

by first using a Fluke 80k-40 HV-Probe, attached to a Fluke voltmeter. This probe is accurate to ± 

1% in the calibrated range. The meter was first checked using standard prong probes on a known 

voltage source from an Arduino UNO output. Then, the 80 kV probe was tested on the same 
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voltage. The 80 kV probe is a 1-1000 voltage divider, and once the voltage was confirmed to be 

correct, the probe was attached to the top end of the charge capacitor.  

The switch was pressurized with sulfur hexafluoride such that the switch did not close and 

damage the probe during the calibration. The system was then brought to several different 

operating voltages in a range of 0-60 kV and was held for several seconds at each condition. At 

each condition, the voltage from the probe and the mirrored voltage from the supply were 

collected, and a calibration curve was created (Figure 13). The curve is quite accurate with a linear 

fit, and this test was repeated twice to ensure that the results were repeatable. 

 

Figure 13: Voltage calibration curve. 
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 The pressure transducers were calibrated in a similar fashion to the electrical probe. First, 

an Omega pressure transducer which was already calibrated and checked against an Airgas 224 

dial pressure gauge on the regulator from the zero-air tank, was attached to the pressure lines. The 

pressure transducers were attached on the same line, as close as possible to the calibrated 

transducer to minimize any line losses. The zero-air tank was then opened, and the pressure was 

swept through several points, and the voltage output of the transducers was logged to create the 

calibration curve. The created calibration curve is shown in Figure 14.  

 

Figure 14: Pressure calibration curve. 
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 To identify the point at which breakdown occurs, the live voltage data is analyzed with 

LabVIEW peak detector, this peak detector identifies the maximum peaks in the voltage trace. To 

identify when a breakdown occurs, a voltage threshold is set at a value close to the expected 

breakdown voltage for the gas or gas mixture. Then, when a breakdown occurs, the falling edge 

of voltage signal informs the LabVIEW to save the peak voltages in a file. From these peak 

voltages, a MATLAB script is then used to identify the maximum values for each closure event. 

These maximum values are then considered to be the breakdown voltages, as they are the highest 

voltage seen by the system prior to switch closure. An example of a detected breakdown event and 

voltage trace is shown in Figure 15.  

 

Figure 15:  Voltage measurement during breakdown event. 
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2.4.1 – Noise Reduction 

 A major issue with the automated system was the high noise created during system 

operation. Such noise was significant, on the order of 1000 V from the calibrated and scaled mirror 

output. Physical mitigation of the noise was first attempted before any filtering of the noise was 

considered. This included the removal of all unused electrical systems and verification of a 

common ground for all systems. The installation of several Faraday cages around the switch oil 

vessel, all connecting lines, and the DAQ. The DAQ was eventually moved in its entirety to a 

stainless-steel metal safe, which was grounded to provide more shielding. Such adjustments did 

reduce the noise seen in the system, but noise was still too high to be permissible.  

 To better analyze the source of the noise, a Fast Fourier Transform (FFT) was performed 

to the live data collected by the DAQ from the power supply mirror (Figure 16). The FFT algorithm 

was included in the LabVIEW software package. Results from the FFT demonstrate that nearly all 

noise was coming from a 60 Hz source, or from the DC (0 Hz) output from the power supply. The 

DC signal was all that should be measured, so efforts to specifically target the 60 Hz noise were 

taken. The 60 Hz noise from wall-outlet noise, this was determined by using an emergency stop 

button in the lab, which physically disconnects the system from all wall-outlet sources [1]. A major 

amount of noise at 60 Hz was then seen in the live output of FFT as this connection was switched 

on and off. In the United States, wall outlet runs at 60 Hz standard, which confirmed that the noise 

was likely coming from this connection.  
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Figure 16: Fast Fourier Transform (FFT) plot.  

Since this noise was identified to come from this source, a data filter was implemented. 

This filtering is valid, as it is only coming from the single identified source. The noise does not 

contribute to any real signal from the power supply, and removal of the noise would not impact 

the real voltage being supplied to the switch. A type I Chebyshev filter was selected to remove the 

60Hz signal. This type of filter was selected as it has very sharp cutoff for the frequencies outside 

of the passband, which enables the targeted removal of non-DC signal. The passband was set to 0-

0.01 Hz, to permit only DC signal to pass the filter. The addition of the filter greatly reduced the 

noise in the system, on average by ~500 V, improving the accuracy greatly. The unfiltered voltage 

and filtered voltage are compared in Figure 17.  
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Figure 17: Unfiltered vs. filtered voltage. 

3. Results and Discussion 

 

 

 

3.1 Paschen Curves of Pure Gases 

 To ensure that the system was behaving as expected, Paschen curves of pure SF6 and pure 

zero-air were collected over a pressure range of 83 kPa to 172 kPa. The electrodes of the switch 

were first polished with sandpaper until a 600-grit finish was achieved. The electrodes were then 

conditioned using the standard procedure outlined in section 2.3.1. The system was then sealed, 

and the oil vessel was filled to insulate the switch. The system was pressurized to the desired test 

pressure, and voltage was turned on. The voltage was slowly ramped up by limiting the current to 

0.1 mA, until the gas experienced a breakdown.  
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The maximum voltage at each breakdown event was logged, and the procedure repeated 

for 10 closures per condition. The measured values were then averaged, and the switch was brought 

to the next operating condition after purging and refilling the dielectric test gas. These tests were 

repeated until 5 different conditions were tested. The electrodes were then cleaned, conditioned, 

and the tests repeated 3 times.  

A linear fit was then applied to all of the data to generate a line for each gas. This data was 

compared to three other tests collected on the switch at an earlier time, to ensure that repeatable 

behavior was being measured. The residuals of the data were plotted against 𝑝𝑑, and against a 

normal distribution. Each Paschen curve plots the average value of all breakdown events measured 

at a given pressure condition. The three tests performed are then all plotted in a scatter plot, and 

the line of best fit is applied to all of the data using a least squares method. Figures 18 and 19 show 

the created linear fits for pure air and pure SF6. 

 

Figure 18: Pure zero-air Paschen curve. 
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Error bars are provided for both pressure and voltage measurements. The propagated error 

for voltage was determined by first using the ± 1% error from the FLUKE probe used for creating 

the calibration curve. The standard error of the mean was then added based on the ten shots per 

operating condition. An additional ± 6 mV error was also added due to the rated noise from the 

DAQ. The propagated error for pressure was determined by using the ± 0.08% error from the 

calibration transducer. Then, the additional rated ± 0.25% error for a Honeywell PX2 series 

transducer was added, as well as the standard error of the mean and the ± 6 mV from the DAQ.  

 

Figure 19: Pure 𝑆𝐹6 Paschen curve. 

It is important to note that the standard accepted value of 30 kV/cm for the breakdown of 

air in atmospheric pressure is not seen in the collected data. Additionally, the slopes of the fitted 

lines deviate from calculated linear fits of Paschen’s law in this 𝑝𝑑 region. The reason for these 
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deviations can be determined by examining equation (1). The breakdown voltage is heavily 

dependent on coefficients 𝐴 and 𝐵.  

However, in numerous studies it has been shown that experimental values for 𝐴 and 𝐵 can 

vary considerably between different studies [55]-[57]. In this case, the collected Paschen curves 

are only valid for this particular switch topology. Other switches with similar spacings have 

demonstrated some level of divergence from Paschen’s Law [54], [55], [56]. The deviations are 

theorized to be caused by electric field non uniformities, which would alter the 𝐴 and 𝐵 coefficients 

calculated in equation (2). Further analysis of the deviation from theory can be found in section 

3.3. The field non-uniformity in the examined switch is likely caused by fringing effects, as the 

electrodes are nearly flat plates with radiused edges. A cross section of the switch, and the 

electrodes can be seen in Figure 20.  

 

Figure 20: High voltage switch cross section. 
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3.2 Paschen Curves of Gas Mixtures 

 To examine the breakdown behavior of gas mixtures of SF6 and zero-air, three mixtures 

were tested in the same scheme as the pure gas tests in section 3.1. These mixtures consisted of 

25% SF6 – 75% Air, 50% SF6 – 50% Air, and 75% SF6 – 25% Air. All mixtures were tested over 

a pressure range of 83 kPa to 172 kPa, and their respective breakdown voltages were recorded. 

Each mixture was tested with conditioned electrodes, for 10 shots at each pressure condition. These 

tests were all repeated three times per mixture to ensure repeatability. Figures 21-23 show 

individual Paschen curves for each created gas mixture. A full set depicting all measured Paschen 

curves is seen in Figure 24.  

 

Figure 21: 75% zero-air - 25% 𝑆𝐹6 Paschen curve. 
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Figure 22: 50% zero-air - 50% 𝑆𝐹6 Paschen curve. 

 

Figure 23: 25% zero-air - 75% 𝑆𝐹6 Paschen curve. 
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Figure 24: Paschen curves for all mixtures of zero-air and 𝑆𝐹6. 

 From the results, it is apparent that a small amount of SF6 in the mixture has a dramatic 

effect on dielectric strength. The 75% air – 25% SF6 mixture demonstrates a ~50% increase in 

breakdown voltage when compared to pure air. This effect becomes less pronounced as the 

percentage of SF6 in the mixture approaches 100%. This data is valuable, as it shows possible 

reduction of SF6 usage in high voltage switchgear can be achievable, while only having  moderate 

pressure requirement increases. For example, to use a 50% zero-air – 50% SF6 mixture in a switch 

designed for self-break at ~50 kV using pure SF6, the switch would only need to increase the 

operating pressure by ~0.1 MPa (~1 atm), while reducing their SF6 usage by 50%. These results 

show that a mixture of SF6 and zero-air, and thus a reduction of  SF6 usage, has the capacity to be 

quickly implemented into switchgear without the need for challenging switch redesigns.  



36 

 

3.3 Linear Approximation and Agreement to Theory 

 The data presented in sections 3.1 and 3.2 show linear approximations fitted to collected 

breakdown data. However, Paschen’s law is not inherently a linear equation but rather follows an 

exponential relationship between breakdown voltage and 𝑝𝑑. The right-hand side of the Paschen 

minimum, in high 𝑝𝑑 regions, can be reasonably approximated as linear, provided that the data 

does not cover an extremely wide range of 𝑝𝑑 values [57]. This linear approximation is particularly 

useful for high pressure switch applications, which fall within a constrained parameter space.  

To validate this linear approximation, established literature values of 𝐴, 𝐵, and γ for air 

were used to compute the full Paschen’s law relationship over the experimental pressure range of 

80-180 kPa. The computed theoretical data were then fitted with a linear regression line as seen in 

Figure 25, and the maximum deviation from the theoretical curve was systematically determined 

across the entire pressure range. The results demonstrate that the linear approximation deviated by 

a maximum of only 0.8% from the full Paschen equation predictions across the examined pressure 

range, thereby confirming that the linear approximation is valid and sufficiently accurate for use 

in this operating regime. 

In practice, the collected experimental data may exhibit deviations from the accepted 

theoretical values of breakdown voltage for these gases and gas mixtures. Presently, this is assumed 

to be due to inadequate electric field uniformity in the gap, which is a fundamental assumption 

used by Townsend in equation (2). The non-uniformity results in values of 𝐴 and 𝛾 which are not 

consistent across all switch topologies [58], [59], [60]. Additional factors such as surface 

roughness, field enhancements, or gap contamination may also lead to deviations from the 

theoretical values. 
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Figure 25: Linear fit of high 𝑝𝑑 region of Paschen's law with standard 𝐴, 𝐵, and 𝛾 values for air. 

Thus, while the data is not sufficient to provide exact voltages for every switch topology 

and 𝑝𝑑 region, the general trends still hold, as demonstrated by the strong statistical evidence for 

linear behavior in the test regions. The  R² values obtained for each linear fit demonstrate good 

correlation between the experimental data and the linear model, indicating that the linear 

relationship accurately captures the underlying physical behavior consistent with this region of 

Paschen's law. This statistical validation aligns with the theoretical expectation that breakdown 

voltage should exhibit linear dependence on pressure in the high pd regime. 
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The validity of the linear fitting method is further confirmed through analysis of the 

residuals. The residuals between the experimental data and linear fits follow a normal (Gaussian) 

distribution, which indicates that deviations from the linear trend are random rather than 

systematic, supporting the appropriateness of the linear model. Additionally, Shapiro-Wilk tests 

were performed on the residuals between the data and the linear fit of each dataset to evaluate the 

normality assumption [61], [62]. The typical significance level of α = 0.05 was used as the criteria 

for the test, with the probability values (p) listed in Table 1. Since all p values exceed the 

significance criteria, the null hypothesis of normality cannot be rejected, thereby confirming that 

the data can be considered to follow a linear relationship and that the linear fitting method is 

statistically valid. 

Pure Air 75%-25%  50%-50% 25%-75% Pure 𝑆𝐹6 

p = 0.0725 p = 0.1967 p = 0.2181 p = 0.2962 p = 0.3008 

α = 0.05 α = 0.05 α = 0.05 α = 0.05 α = 0.05 𝑅2 = 0.643 𝑅2 = 0.878 𝑅2 = 0.913 𝑅2 = 0.913 𝑅2 = 0.937 

Table 1: Shapiro-Wilk test results and 𝑅2 values of linear fits.  

Such data should be used to inform the design of switches attempting to switch to a zero-

air – SF6 mixture, but exact values for operation will be heavily dependent on the specific switch 

properties. This aligns with other works’ findings that electrode geometry and gas properties create 

unique, but consistent Paschen parameters for a given experimental setup [59]. Additionally, the 

ratio of breakdown strengths between SF6 and zero-air in the performed experiments has been 

found to be 2.35 to 1. This ratio closely aligns with previously reported relative dielectric strengths 

in various studies, suggesting that the system is accurately capturing the physics of the breakdown 

event despite differences in the absolute measured actual values [63], [64]. 
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3.5 Long Term Measurements of Pure Gases 

 For many switch applications, the breakdown voltage must be known to a high degree of 

accuracy. For example, HV-LTS’s used in SNL’s Z-Machine are charged to a percentage of self-

break, i.e., specified percentage of the full breakdown voltage for a given gas, switch design, and 𝑝𝑑 value. SF6 has desirable recombination characteristics after breakdown, with a large amount of 

the products quickly recombining back into SF6 [27]. This behavior allows for the continued use 

of a switch, without needing to reset and refill the gas. Conversely, if the gas composition were to 

change significantly over time, due to repeated breakdown and recombination events, then the 

breakdown voltage could also evolve. This evolution would complicate or inhibit continued usage 

of the switch. This chemical stability over time is one of the primary reasons that replacement of SF6 is so challenging.  

 To examine this behavior, the switch was filled with a selected gas or gas mixture and then 

pressurized  to achieve self-breakdown in  the 40-50 kV range. The system was then sealed, to 

ensure the gas in the volume was not replaced by new gas over the test duration. Then, the system 

was repeatedly brought to breakdown over many thousands of closures. This repeated breakdown 

process may cause the gas composition to evolve over time. 

 The breakdown voltages were recorded and then plotted versus shot number in Figures 

26-29 for various gas mixtures. The data were normalized to the first 100 shots of each set, to 

establish the baseline behavior for Weibull failure analysis. The first 100 shots were selected 

because the breakdown voltage remained highly stable in this initial period across all tests, with 

no observed failures (as discussed in Section 3.7). During this early phase, the gas composition 

has not had sufficient time to change significantly, representing normal switch operation. 
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Figure 26: Time-series of normalized zero-air breakdown events. 

 

Figure 27: Time-series of normalized 𝑆𝐹6 breakdown events. 
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 As is clearly visible from Figures 26 and 27, the SF6 exhibits significantly better stability 

than air with considerably less reduction in breakdown voltage over the test duration. In contrast, 

zero-air demonstrates a clear degradation in breakdown voltage over time. These results align with 

expected behavior, as SF6 recombines into primarily SF6, and air may recombine into a vast variety 

of compounds such as O3, or NOx which over time change the systems breakdown voltage at 

constant pressure. These data demonstrate that SF6 is preferable for long-term use, while zero-air 

is unsuitable. To confirm that these changing breakdown voltages are caused by gas recombination 

processes, a dataset of pure nitrogen was also run in the same conditions. 

 

Figure 28:  Time-series of normalized 𝑁2 breakdown events. 

 The results of Figure 28 demonstrate that pure N2 is also relatively stable over a long period 

of time. This follows the current understanding that the breakdown of zero-air, which contains 

oxygen, experiences recombination processes that change the gas chemistry over many closure 

events. In nitrogen, however, the gas has no other species available for recombination and thus 



42 

 

should cool back into nearly pure N2. This behavior would not change the overall gas chemistry 

in the switch volume, meaning that the breakdown voltage should remain constant.  

 It is important to note that the variance of each dataset is not solely dependent on the gas 

used. Due to limitations of the charge capacitor at higher voltage operation, the system variance 

tends to increase at voltage exceeding 45 kV. For SF6 to have stable pressure operation, the 

minimum breakdown voltage achievable in the switch system was approximately 50 kV. This 

higher voltage operation results in the SF6 data demonstrating higher variance than the other gases, 

which were operating near 40 kV. The failure criterion, discussed in section 3.7, accounts for such 

variance and does not quantify failure based on measurement scatter.  

3.6 Long Term Measurements of Gas Mixtures 

 While it is known that SF6 has stable recombination properties, the mixtures examined in 

section 3.2 have mostly unknown long-term behavior. The mixture now consists of  SF6, N2, O2  
and some other trace gases. The breakdown of this mixture has the potential to create many 

different chemicals which could alter the behavior of the mixture. Thus, it was expected to see the 

breakdown voltage of the mixture change over time.  

Selecting a 50-50 mixture, the same long-term reliability experiment as was performed in 

3.5 was run for many thousands of shots. Surprisingly, this data did not demonstrate the reduction 

of breakdown voltage over time, as was observed in the air dataset. Rather, its voltage remained 

relatively constant with later shots gaining increased variance. This variance increase was not 

attributed systematic limitations, as the voltage remained steady at around 40kV. Thus, this 

increasing variance appears to be an inherent property of the tested mixture rather than an 

experimental artifact.  
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Figure 29: Time-series of normalized 50% zero-air - 50% 𝑆𝐹6 breakdown events. 

3.7 Weibull Analysis  

 To examine the behavior of the tested gas over a long test trial, the data was analyzed to 

determine the Weibull reliability and hazard rates of all gases or gas mixtures. The reliability 

represents the overall probability of survival up to a given shot number for a given gas or mixture 

(Figure 31), while the hazard rate represents the instantaneous probability that a shot will fail at a 

given shot number (Figure 32). Weibull analysis was selected for this due to its effectiveness in 

characterizing lifetime and wear-out failures. From a simple examination of the long-term data, 

especially for air, it is clear that the voltage eventually drifts from its anticipated value, just as a 

wear-out failure would describe [65], [66].  
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For this analysis, the failure criterion must be defined. The criterion was chosen to be any 

breakdown voltage which fell outside of two standard deviations from the baseline mean, where 

the baseline was determined from the first 100 shots following electrode conditioning. This 100-

shot baseline was selected as at this point in the switch operation, no failures have been recorded, 

as the gas has not yet changed composition enough to impact breakdown voltage. The 2 std failure 

criterion was selected based on established statistical process control principles and captures 

approximately 95% of the normal voltage variation, meaning there is only a 5% chance that a 

stable switch would exceed these limits due to measurement scatter alone [67]. This threshold is 

commonly used in established literature, and provides good sensitivity to voltage degradation, 

while preventing excessive false alarms from normal variation. The post-conditioning baseline 

ensures that this criterion reflects stable switch performance, making the failure definition 

representative of operational degradation and gas composition changes. The failures for the zero-

air data collected during long term testing can be seen in Figure 30. 

 

Figure 30: 2 standard deviation failures for long-term zero-air dataset. 
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This failure condition is specific to the examined system and application and should be 

adjusted based on the intended operational requirements. Different applications may necessitate 

more or less stringent failure criteria depending on factors such as acceptable risk levels, 

operational safety margins, and system criticality. For instance, critical infrastructure or very high 

voltage applications may require tighter tolerance bands to ensure higher reliability, while research 

or non-critical applications might accommodate wider tolerance bands to reduce false alarm rates. 

Additionally, the baseline period may need adjustment based on switch conditioning requirements, 

gas stabilization time, or the expected operational lifetime of the specific system. The statistical 

confidence level should also be selected to align with the application's reliability requirements and 

the consequences of undetected failures versus false alarms. 

 

Figure 31: Weibull reliability plots of long-term tests. 



46 

 

 The results of this analysis seen in Figure 35 demonstrate that air has the lowest reliability 

over time, while pure SF6 and N2 remain highly reliable over the test run-time. In fact, pure N2 

demonstrated no legitimate failures, indicating that the low reliability stems from the gas 

composition experiencing chemical changes. The 50% air - 50% SF6 mixture demonstrated high 

reliability between that of pure zero-air and pure SF6. The B10 and B50 markers, representing the 

shot numbers at which 10% and 50% of the shots have failed are included. The B50 marker is 

commonly used to predict the end of life for high voltage systems [42]. Pure zero-air reaches this 

end of life at  approximately 950 shots, while the mixture reaches its end of life at approximately 

1300, and pure SF6 fails at approximately 1600 shots. This indicates that such a mixture may be 

well suited to use in high voltage switch applications.  

 

Figure 32: Weibull hazard plots of long-term tests. 
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4. Conclusions and Future Work 

 

 

 

4.1 Conclusion 

Through remodeling and conversion of the Pulsed Power and Plasma Science Center 

(P3SC) at Colorado State University (CSU), this work has created a testing platform designed to 

evaluate dielectric gases and mixtures for high voltage switch applications in pulsed power and 

other systems. The enhanced system demonstrates the capability to conduct thousands of 

breakdown events while maintaining high accuracy and experimental quality. The new, automated 

approach permits rapid data collection, which is essential as the power industry increasingly seeks 

alternative gases to sulfur hexafluoride (SF6). 

Paschen curves for pure SF6, pure zero-air, and three mixtures of zero-air and SF6 (25%-

75%, 50%-50%, and 75%-25% ) were created by measuring breakdown voltages and then purging 

the switch system at several pressure – distance product states. Linear fits were applied to these 

data, and the linear behavior was validated with statistical analysis. The relative dielectric strength 

of SF6 to zero-air was found to be 2.35 to 1, demonstrating good agreement with previously 

recorded values. These findings support that the behaviors of these mixtures are governed by  

Paschen’s law and fundamental gas physics, independent of experimental variance.  

These mixtures exhibit reasonably high hold-off voltages while requiring only minimal 

amounts of  SF6 addition to the system. Importantly, the mixtures do not require significantly 

increased operating pressures and could potentially be integrated into current switching systems 

with minimal design modifications. It was found that for 50 kV operation a 50% zero-air - 50% 
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SF6 mixture, could reach equivalent performance to that of pure SF6 for only a 0.1 MPa operation 

pressure increase.  

The reliability of pure SF6, pure zero-air, pure N2, and the 50-50 mixture were examined. 

This was done by bringing these gases to the proper pressure such that breakdown was achieved 

at a range of 40-50 kV, the switch was sealed, and the gas was broken down for many thousands 

of events, allowing the gas to evolve over time. The extensive long-term reliability testing 

demonstrated that the candidate mixture of 50% zero-air – 50% SF6 had a reliability similar to that 

of pure SF6, far exceeding the performance of pure zero-air. This consistency in long-term 

operation directly addresses one of the most significant technical barriers to SF6 replacement in 

current switching applications. 

This research into SF6 replacement represents an ongoing and important field of study. The 

P3SC serves as a valuable resource for such research and has the capacity to support the industry's 

transition to more environmentally sustainable technologies while maintaining the reliability and 

performance standards essential for critical electrical infrastructure. This experimental work has 

successfully identified several promising candidate mixtures of zero-air and SF6 that demonstrate 

strong potential for implementation in high voltage switchgear. 

4.2 Future work  

Future work regarding these mixtures presents numerous opportunities for expanding these 

foundational findings. The automated system enables long-term testing to be readily expanded for 

longer series analysis, higher voltage operation, or evaluation of additional gas mixtures. Analysis 

of the gas over extended periods may reveal different reliability characteristics that were not 

detected in the current work. Additionally, operation at higher voltages may result in the gases or 
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mixtures evolving in different ways, providing further data supporting these mixtures' use in the 

power industry. Other gases could be used to create commonly used mixtures with SF6, such as CO2 or tetrafluoromethane (CF4). Other fluorinated compounds are also of interest for the 

replacement of pure SF6, and the P3SC has the capacity to quickly examine these gases for their 

long-term reliability. 

System adjustments to achieve higher pressures, voltages, or alternative electrode 

topologies could be considered to examine gas behavior in different operating regimes. The design 

of a rotary switch to better isolate electrode surface impacts on testing has already been partially 

developed. Such a system could be used to investigate alternative gap spacings, electrode material 

effects, or triggered switching performance. The inclusion of optical access in the design could 

allow for laser triggering or advanced optical diagnostic techniques. 

Thomson scattering measurements have been performed on similar switchgear at CSU for 

ambient air operation. Investigation of how transient switch performance changes when using 

these alternative gases may be of interest, especially for high accuracy switchgear used in pulsed 

power systems. Other optical measurements, such as optical emission spectroscopy, could provide 

insight into the chemistry of the system during breakdown and whether it evolves over time. 

Additional electrical measurements using derivative monitors could be employed to examine if the 

electrical performance changes as the gas evolves or when different gases are used. 

Overall, there are many avenues for continued work in this field. The P3SC is in a state 

where such experimental changes can be quickly implemented with minimal modifications to the 

overall electrical system. Resistive monitoring and voltage measurements are already available, 

and the system is fully autonomous, permitting rapid collection of very large datasets. The system 
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is in a very stable state with minimal losses and high accuracy, so future efforts to improve the 

system could use the current state of the P3SC as a solid foundation. 
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