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The dielectric performance of gases in insulation systems used in high voltage power and pulsed power applications is a subject of intensive theoretical and experimental investigation. Transient breakdown processes in gases stressed with short, high-field impulses, have been studied for many decades. However, there are still significant gaps in the understanding of the main breakdown processes and mechanisms associated with fast transient breakdown processes in gases. This knowledge is important for optimisation of gaseous insulating systems and for coordination of gaseous insulation in power and pulsed power apparatuses. This information is also required for the development of gas-filled components such as circuit breakers and plasma closing switches. The present work is aimed at analysis of the field-time breakdown characteristics of air, N 2 , CO 2 , and SF 6 , using kinetic and drift-diffusion approaches. The kinetic approach is based upon the avalanche-to-streamer transition criterion, while the fluid drift-diffusion model requires self-consistent numerical solution of the continuity equations for charged species, and the Poisson equation for the electric field. The time to breakdown as a function of the applied field was obtained for all investigated gases. The obtained analytical results agree well with the experimental data reported in the literature, which suggests that both approaches can be used for insulation coordination, and for the development of gas-insulated power and pulsed power systems and components.

I. INTRODUCTION

HE dielectric performance of gaseous insulation systems is a fundamental aspect that underpins the design and optimisation of gas-filled components and elements of high voltage power and pulsed power systems, [START_REF] Lehr | Foundations of Pulsed Power Technology[END_REF]. Fast transient breakdown processes in different gases stressed with high electric fields have been extensively studied over many decades. A significant number of published papers focused T. Liu, I. Timoshkin, S. J. MacGregor, M. P. Wilson, and M. J. Given are with the Department of Electronic and Electrical Engineering, University of Strathclyde, Glasgow, UK; N. Bonifaci, R. Hanna are with the G2E lab, CNRS, Grenoble, France (e-mail: ting.liu@strath.ac.uk; igor.timoshkin@strath.ac.uk; scott.macgregor@strath.ac.uk; mark.p.wilson@strath.ac.uk; m.given@strath.ac.uk; nelly.bonifaci@ g2elab.grenoble-inp.fr; rachelle.hanna@g2elab.grenoble-inp.fr) on different experimental and modelling aspects of fast, µs and sub-µs, breakdown events in gases reflects the importance of understanding of complex fundamental breakdown processes. Development of plasma closing switches, [START_REF] Schaefer | Gas Discharge Closing Switches[END_REF], [START_REF] Dick | Breakdown phenomena in ultra-fast plasma closing switches[END_REF], circuit breakers, [START_REF] Haddad | Advances in High Voltage Engineering[END_REF], and gas-insulated systems, [START_REF] Haddad | Advances in High Voltage Engineering[END_REF], requires comprehensive information on such gas breakdown processes. Understanding of the basic breakdown mechanisms also provides a basis for further development of environmental, bio-medical and other practical applications of gas discharges, [START_REF] Laroussi | Plasma Medicine: Applications of Low-Temperature Gas Plasmas in Medicine and Biology[END_REF].

Computer modelling proved to be a useful and important approach to the analysis of fast breakdown processes in fluids. For example, in the late 1990s, the development of plasma streamers in air was studied by Morrow and Lowke, [START_REF] Morrow | Streamer propagation in air[END_REF], by numerically solving the continuity equations for the charged species and the Poisson equation for the electric field. Later, in the early 2000s the transient breakdown mechanisms in gases were investigated by Sandia National Laboratories, [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF]. However, despite significant research efforts in this field, the breakdown mechanisms and processes are still not fully understood. There is a lack of reliable engineering models for use in the optimisation of gas-filled power and pulsed power systems, and for coordination of gaseous insulation.

The present paper is aimed at the analysis and development of phenomenological equations for the ionization and electronic transport coefficients for different gases, to be used in analytical and computational approaches for modelling of the field-time breakdown characteristics of these gases with neutral gas density, N, in uniform electric field, E. Two models of gas breakdown, the fluid drift-diffusion model and kinetic model and were used in the present study, to predict formative breakdown times and breakdown fields for air, N 2 , CO 2 , and SF 6 , -gases chosen due to their use in practical power, pulsed power, environmental and biomedical applications.

The kinetic breakdown model is based on the Meek "avalanche-to-streamer" transition (breakdown) criterion, and requires information on the electron transport characteristics in gases. The fluid drift-diffusion model is based on self-consistent numerical solution of the transport and continuity equations for ions and electrons, and the Poisson equation for the electric field. This model requires information on the ionization, attachment, and recombination coefficients of the gas, and the transport characteristics of different charged species, i.e. their mobilities and diffusion coefficients.

Both models used in the present investigation require Field-Time Breakdown Characteristics of Air, N 2 , CO 2 , and SF 6 specific breakdown criteria in order to identify two main parameters, the breakdown field and time required for ionization to build up in the inter-electrode gap, culminating in breakdown, [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF].

The breakdown kinetic model is based on the avalanche-to-streamer transition criterion. This criterion postulates that an electron avalanche propagating in a gas with an electron drift velocity, becomes unstable and transforms into a fast ionization front (streamer) when the total number of electrons in the avalanche head reaches 10 8 . According to [START_REF] Fletcher | Impulse breakdown in the 10 -9 sec range of air at atmospheric pressure[END_REF], this build-up of ionization in the gap up to the critical avalanche size, followed by transition into a fast transient streamer mode, constitutes the breakdown event. Thus, the time required for ionization to build up in the inter-electrode gap is considered in the framework of the kinetic model as time to breakdown, t br, . Typically, the total time to breakdown in gaseous breakdown processes is considered as a combination of two distinct time intervals, the statistical and formative times. The statistical time is interpreted as a time interval which is required for initial electron(s), capable of triggering of the avalanche ionization process, to appear in the inter-electrode gap. The statistical time has a stochastic nature and is difficult to predict for inclusion in analytical model(s). In the present paper, the total time to breakdown is considered as constituting the formative time only.

The breakdown criteria for the fluid drift-diffusion model is based on the establishment of an (almost) uniform distribution of the electron density across the gas-filled gap by a propagating ionization front.

In the models used in the present work, it is assumed that the initial electrons have appeared in the gap eliminating consideration of the statistical time. The ionization process in the gas-filled gap is therefore initiated immediately provided that the external electric field has sufficient magnitude. In the case of the computational fluid drift-diffusion model, a compact cluster of seed electrons is located close to the cathode. The time interval required for the ionization front to cross the inter-electrode gap at the field level that produces a uniform electron density behind this front is defined within the drift-diffusion model as "time to breakdown", t br . This model was used to obtain both, time to breakdown, t br , and reduced breakdown field, (E/N) br , in a plane-plane electrode topology. The kinetic model was also used to obtain t br for each investigated gas, over a wide range of values of (E/N) br .

Both methods have their advantages and constraints. The kinetic approach provides a straightforward method of analysis of the breakdown behaviour of gases, if their ionization and transport parameters are known. The drift-diffusion model can be used for more detailed analysis of the breakdown processes. This model allows for investigation of the evolution of the ionization front in different electrode topologies, including topologies with highly-divergent electric fields and gas/solid interfaces. However, this approach requires the development of a computational code or use of specialist software (for example COMSOL) and computational resources, which may restrict the range of modelling parameters (time and field). Nevertheless, information extracted from both models can contribute to the coordination of gaseous insulation and the development of gas-filled components for high voltage power and pulsed power systems.

II. FLUID DRIFT-DIFFUSION MODEL

The fluid drift-diffusion approach is used in the present paper to describe the dynamic behaviour of three charged species during the development of ionization fronts in gases: electrons, negative ions, and positive ions. The time-dependent concentrations of these charged species are governed by the continuity equations, which link the rate of change of particle number in a specific volume with the divergence of the flux of these particles and their rates of generation, annihilation and diffusion. The charged particles move in the electric field which is governed by the Poisson equation, [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF], [START_REF] Li | Deviations from the Local Field Approximation in Negative Streamer Heads[END_REF]. Thus, using the continuity equations for the charged particles and the self-consistent electric field, propagation of the ionization front can be modelled.

A. Concentration of Charged Particles

The continuity equations for electrons, negative ions, and positive ions in the drift-diffusion approximation are the first-order partial differential equations given by ( 1) -(3). These equations can be solved, together with the Poisson equation ( 4), to describe the dynamics of the ionization front (streamer) in the gas. 

In ( 1) -(3), 𝐸 ⃗ is the electric field and t is time. The subscripts e, p, and n in these equations represent electrons, positive ions and negative ions respectively; the concentration and mobility of the charged particles are represented by n and  respectively, with an index related to the specific species. 

is the recombination rate coefficient, and D is the electron diffusion coefficient. When dealing with electronegative gasses,  eff represents the effective ionization coefficient, which is the difference between the ionization coefficient , and the attachment coefficient,  :  eff = -.

For each gas the electronic diffusion coefficient is postulated to have a constant value or a weak dependency on electrical field in the range of E/N used the present study. The drift-diffusion approach is used to model the development of sub-s ionisation fronts, thus ionic diffusion coefficients are not included in (1) -(3) as the diffusivity of ions is negligible as compared with the diffusivity of electrons. Also, due to the fast transient nature of the ionisation fronts, the recombination processes in the present model are approximated by using the same value of  for all electron-ion and ion-ion recombination events in each gas. Numerical values for all parameters, as used in the present study for all selected gases, are listed in Appendix I.

B. Electric Field

The generation and recombination of the charged particles during propagation of the ionization front into the bulk of the gas results in re-distribution of the electric field in the gap. Thus, the Poisson equation is used to describe the electric field which governs the development of the ionization front:

𝛻 • 𝐸 ⃗ = 𝑒(𝑛 𝑝 -𝑛 𝑛 -𝑛 𝑒 )𝜀 -1 ( 4 
)
where  is the permittivity, and 𝑒 is the elementary charge.

C. Ionization and Transport Parameters

The continuity equations ( 1) -( 3) require detailed information on the ionization coefficients and on the transport parameters of the charged species. There is a significant number of published papers which provide the ionization, attachment (in the case of electronegative gases) and recombination coefficients of gases, and the transport characteristics of different charged species in gases, including their mobility, diffusion coefficients, and drift velocity. For example, the transport and swarm parameters of different gases as functions of the reduced field, the gas pressure, and the inter-electrode distance, are published in [START_REF] Dutton | A survey of electron swarm data[END_REF], [START_REF] Gallagher | An annotated compilation and appraisal of electron swarm data in electronegative gases[END_REF]. The LXCAT database, [14], also provides an array of transport and swarm parameters for different gases.

However, there are different analytical function(s) reported in the literature for the ionization coefficients of the gases used in the present study. Some of these analytical functions known from the literature provide a good fit to the experimental data only within a limited range of field values. Thus, it is important to establish accurate analytical expressions, valid over a wide range of values of reduced applied field, (E/N), for the effective ionization coefficients of the gases used in the present study, which will allow for the use of these expressions in the fluid drift-diffusion and kinetic models.

Experimental values of the reduced effective ionization coefficient,  eff /N, were obtained from the literature for all investigated gases. The fitting procedure in the OriginPro graphing software was then used to obtain analytical expressions for the function relating  eff /N to the reduced electric field, E/N. Analysis of the literature data shows that no analytical functions are available for the ionization coefficients for all investigated gases, valid over the required range of values of E/N. Thus, for the successful use of both, fluid and kinetic, models, new analytical expressions for the effective ionization coefficients, valid over a wide range of values of E/N, needed to be developed. These are now presented and discussed.

1) Air

The experimental vales of  eff /N for air, taken from [15],

and [START_REF] Sanders | Measurement of the Townsend coefficients for ionization by collision[END_REF], are shown in Figure 1 as functions of E/N, (squares and crosses). This figure also shows the analytical effective ionization curves proposed in [START_REF] Morrow | Streamer propagation in air[END_REF], [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF], [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF], [START_REF] Eichwald | Breakdown criteria in air: an overview supported by predictive simulations[END_REF] and [START_REF] Nikonov | Surface charge and photoionization effects in short air gaps undergoing discharges at atmospheric pressure[END_REF].

Values of E s /N denote the transition between different fitting curves proposed in the literature for different field intervals for data sets [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF] and [START_REF] Nikonov | Surface charge and photoionization effects in short air gaps undergoing discharges at atmospheric pressure[END_REF]. This figure confirms that previously used analytical functions provide a reasonable fit to the experimental data only within limited ranges of the reduced field values.

In order to obtain an analytical curve which can be used for the whole range of E/N required for the present work, the experimental vales of  eff /N, were fitted with function [START_REF] Laroussi | Plasma Medicine: Applications of Low-Temperature Gas Plasmas in Medicine and Biology[END_REF].

Analytical curve [START_REF] Laroussi | Plasma Medicine: Applications of Low-Temperature Gas Plasmas in Medicine and Biology[END_REF], shown in Figure 1 as a solid line ("Present work") provides a good agreement with the experimental data, over a wide range of reduced electric fields, up to 1500 Td.

 eff /N= 410 -20 exp (-985/ (E/N+43)) -3010 -24 (m 2 )

(5) 94 < E/N < 1500 (Td) This fit also allow for the value for the critical field, (E/N) cr for air to be obtained. (E/N) cr is defined as the reduced field at which the effective ionization coefficient tends to zero, representing the value of reduced field below which an electron avalanche cannot develop. The critical field for air obtained in this work is 94 Td; this value is close to the values of the critical field reported in [START_REF] Eichwald | Breakdown criteria in air: an overview supported by predictive simulations[END_REF], [START_REF] Bagheri | Comparison of six simulation codes for positive streamers in air[END_REF], and [START_REF] Lowke | Onset corona fields and electrical breakdown criteria[END_REF]. Fig. 1. eff/N as a function of E/N in air. Experimental data: □, [16]; × [15].

Fitting curves: dashed line, [START_REF] Eichwald | Breakdown criteria in air: an overview supported by predictive simulations[END_REF]; short dashed line, [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]; short dotted line, [START_REF] Morrow | Streamer propagation in air[END_REF]; dashed -dotted line, [START_REF] Nikonov | Surface charge and photoionization effects in short air gaps undergoing discharges at atmospheric pressure[END_REF]; solid gray line, [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF]. Fitting curve: solid dark line, present work, [START_REF] Laroussi | Plasma Medicine: Applications of Low-Temperature Gas Plasmas in Medicine and Biology[END_REF]. Es/N represents the transition between different fitting curves from [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF] and [START_REF] Nikonov | Surface charge and photoionization effects in short air gaps undergoing discharges at atmospheric pressure[END_REF]; Emax/N represents maximum value of E/N for fitting curves [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF] and [START_REF] Eichwald | Breakdown criteria in air: an overview supported by predictive simulations[END_REF].

2) Nitrogen

Being an electropositive gas, the attachment coefficient for N 2 is taken as  =0, thus the concertation of negative ions in this gas is also zero, [START_REF] Vitello | Simulation of negative streamer dynamics in nitrogen[END_REF], [START_REF] Davies | Computer simulation of rapidly developing gaseous discharges[END_REF], [START_REF] Kulikovsky | The structure of streamers in N2. II. Two-dimensional simulation[END_REF]. In Figure 2 experimental values of /N for nitrogen from [START_REF] Bowls | The effect of cathode material on the second Townsend Coefficient for ionization by collision in pure and contaminated nitrogen gas[END_REF] and [START_REF]UNAM database, www.lxcat.net[END_REF] are presented as open triangles and circles. Figure 2 also shows two analytical functions, taken from [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF] and [START_REF] Dahli | Two-dimensional studies of streamers in gases[END_REF], however these functions do not provide values of /N with a sufficient accuracy over the required range of values of E/N. No single analytical function which would adequately fit the whole range of the reduced field (from 60 Td to 5000 Td) could be found for nitrogen. Therefore, the analytical fitting line obtained in the present work was constructed using ( 6) and [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF], for two intervals of E/N, from 60 Td to 350 Td, and from 350 Td to 5000 Td.

/N = 1.710 -20 exp (-800/(E/N-3)) (m 2 ) (6) 60 < E/N < 350 (Td) /N= 310 -20 exp (-1000/(E/N)) (m 2 ) (7) 350 < E/N < 5000 (Td)
These newly-obtained analytical fittings ( 6) and ( 7) will be used in the fluid drift-diffusion and kinetic models in the present paper. The critical field for nitrogen obtained using ( 6) is 60 Td, which is in good agreement with the value reported in [START_REF] Haefliger | Detailed precision and accuracy analysis of swarm parameters from a pulsed Townsend experiment[END_REF]. Fitting curves: dashed line, [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF]; dotted line, [START_REF] Dahli | Two-dimensional studies of streamers in gases[END_REF]; solid line, present work, (6)- [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF]. Es/N represents the transition between different fitting curves from [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF]; Emax/N represents the maximum field value for fitting curve [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF].

3) Carbon Dioxide

Figure 3 shows the experimental  eff /N data for CO 2 obtained in [START_REF]UNAM database, www.lxcat.net[END_REF] as open points and crosses. This figure also includes the analytical curve for the effective ionization coefficient proposed in [START_REF] Raizer | Gas Discharge Physics[END_REF], which satisfies only a very limited range of E/N, ~1500 Td < E/N < ~3000 Td. Fig. 3. eff/N as a function of E/N in CO2. Experimental data points:  [24], □, ○, ▽, △ and ◇, [START_REF]Dutton database, www.lxcat.net[END_REF]. Fitting curves: bold solid line, [START_REF] Raizer | Gas Discharge Physics[END_REF]; solid line, present work, ( 8)- [START_REF] Fletcher | Impulse breakdown in the 10 -9 sec range of air at atmospheric pressure[END_REF].

As in the case of nitrogen, two analytical curves, ( 8) -( 9), were obtained in the present work to provide a full analytical description of the effective ionization coefficient in the range from 86 Td to 10 4 Td. The obtained composite analytic curve ("Present work") is shown in Figure 3.

 eff /N= 4.310 -20 exp (-986/ (E/N+49)) -3010 -24 (m 2 ) (8) 86 < E/N < 1100 (Td)  eff /N= 6.0710 -20 exp (-1414/ (E/N)) (m 2 ) (9) 1100 < E/N < 10000 (Td)

The critical field for CO 2 , obtained using analytical fitting curve [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF], is 86 Td, which is close to the values of the critical field for CO 2 reported in [START_REF] Wang | Effective ionisation coefficients and critical breakdown electric field of CO2 at elevated temperature: Effect of excited states and ion kinetics[END_REF] and [START_REF] Davies | Ionization and attachment coefficients in CO2: N2: He and pure CO2[END_REF].

4) Sulphur Hexafluoride

Figure 4 shows the experimental values of  eff /N for SF 6 as open circles (data from [START_REF] Christophorou | Electron Interaction with SF6[END_REF]). The analytical ionization coefficient proposed in [START_REF] Morrow | A Survey of the Electron and Ion Transport Properties of SF6[END_REF], and shown in this figure as a dashed line, demonstrates a noticeable deviation from the experimental values for high values of E/N, above 2500 Td, and for the values of E/N in the range of 400 -500 Td.

Analytical fitting line for  eff /N was obtained for SF 6 in the present work in the range from 360 Td to 5000 Td. This line is given by [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF] and shown in Figure 4.

 eff /N= -9.0610 -20 exp (-(E/N)/2875) + 810 -20 (m 2 ) (10) 360 < E/N < 5000 (Td) Fitting curve [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF] provides a good match to the experimental data over the full range of values of E/N, from 360 Td to 5000 Td. Fitting curve (10) also provides a critical field value of 360 Td for SF 6 , which is in good agreement with the values previously reported in [START_REF] Hernandez-Avilla | Pulsed Townsend measurement of electron transport and ionization in SF6-N2 mixtures[END_REF], [START_REF] Christophorou | Electron Interaction with SF6[END_REF] and [START_REF] Satoh | Electron Swarm Development in SF6. II. Monte Carlo Simulation[END_REF]. [START_REF] Morrow | A Survey of the Electron and Ion Transport Properties of SF6[END_REF]; solid line, present work, [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF]. Es/N represents the transition between different fitting curves from [START_REF] Morrow | A Survey of the Electron and Ion Transport Properties of SF6[END_REF].

Table I shows the values of (E/N) cr obtained in the present paper, and the values of (E/N) cr available in the literature for the same gases. There is good agreement between the (E/N) cr values obtained for air, N 2 , CO 2 and SF 6 in the present paper and previously reported values. [START_REF] Hernandez-Avilla | Pulsed Townsend measurement of electron transport and ionization in SF6-N2 mixtures[END_REF], [START_REF] Christophorou | Electron Interaction with SF6[END_REF], [START_REF] Satoh | Electron Swarm Development in SF6. II. Monte Carlo Simulation[END_REF] 361 [START_REF] Aschwanden | Swarm Parameters in SF6/N2 Mixtures Determined from a Time Resolved Discharge Study[END_REF] 362 [START_REF] Itoh | Electron Swarm Development in SF6: I. Boltzmann Equation Analysis[END_REF], [START_REF] Kline | Dielectric Properties for SF6 and SF6 Mixtures Predicted from Basic Data[END_REF] 

D. Secondary Electron Emission Process

The Townsend discharge model postulates that the development of a self-sustained electron avalanche is supported by secondary electron emission, which is described by Townsend's secondary ionization coefficient, .

This coefficient is defined as the number of electrons generated by a single positive ion colliding with the cathode.

Typical values of  are in the range from 10 -2 to 10 -4 . However, there are other ionization processes that may affect the development of electron avalanches and streamers in gases. These processes include: photoionization, which is an important factor in the case of positive streamers, and background ionization. In the case of a negative ionization front in a gas at atmospheric pressure, the roles of photoionization and background radiation are inferior to the electron emission from the cathode, described by , [START_REF] Warne | Ionization coefficient approach to modeling breakdown in nonuniform geometries[END_REF], [START_REF] Ducasse | Critical Analysis on Two-Dimensional Point-to-Plane Streamer Simulations Using the Finite Element and Finite Volume Methods[END_REF],

and [START_REF] Lowke | Onset corona fields and electrical breakdown criteria[END_REF]. This has led to modelling approaches where the effects of photoionization and background radiation have been omitted. For example, photoionization was not taken into account in [START_REF] Tran | Numerical modelling of negative discharges in air with experimental validation[END_REF], where only the secondary electron emission process was included in the model. A similar approach was adopted in [START_REF] Bourdon | Influence of the pre-ionization background and simulation of the optical emission of a streamer discharge in preheated air at atmospheric pressure between two point electrodes[END_REF], where it was stated that background ionization has a negligible effect on the development of negative streamers. Background ionization was also excluded from the streamer model in atmospheric air in [START_REF] Gupta | Theory of step on the leading edge of negative corona current pulse[END_REF], [START_REF] Yurgelenas | A computational model of a barrier discharge in air at atmospheric pressure: the role of residual surface charges in microdischarge formation[END_REF], and [START_REF] Tran | Surface discharge dynamics: theory, experiment and simulation[END_REF]. These assumptions are also made by the authors of this paper, and only the process of emission of secondary electrons from the cathode, with  = 0.004, was directly included in the fluid drift-diffusion model, ( 1) -( 4). However, it can be considered that the role of background ionization has been taken into account, as a source for the seed population of electrons used in the fluid drift-diffusion model, and for the presence of an initiating electron for the formation of the avalanche in the kinetic model.

E. Mobility of Electrons

One of the important transport parameters required for both, drift-diffusion and kinetic models is electron mobility, µ e . In Figure 5 the experimental values of the product of electron mobility and particle density, µ e N, are shown as open and closed symbols for: air, [START_REF] Chen | Electron swarm parameters and Townsend coefficients of atmospheric corona discharge plasmas by considering humidity[END_REF]; N 2 , [START_REF] Hasegawa | The Drift Velosity and Longitudinal Diffusion Coefficient of Electrons in Nitrogen and Carbon Dioxide from 20 to 1000 Td[END_REF]; CO 2 , [START_REF] Schlumbohm | Messung der Driftgeschwindigkeiten von Elektronen und positiven Ionen in Gasen[END_REF]; and SF 6 , [START_REF] Christophorou | Electron Interaction with SF6[END_REF]. The experimental vales of µ e N were fitted with analytical curves ( 11) -( 14) for each specific gas:

Air 𝜇 𝑒 𝑁 = 3.361 • 10 24 (𝐸/𝑁) -0.222 (m•V•s) -1 (11)
Nitrogen 𝜇 𝑒 𝑁 = 1.7 • 10 24 (𝐸/𝑁) -0.09

(m•V•s) -1 (12) 
Carbon dioxide 𝜇 𝑒 𝑁 = 8.68 • 10 24 (𝐸/𝑁) -0.416 (m•V•s) -1 (13)

Sulphur hexafluoride 𝜇 𝑒 𝑁 = 3.085 • 10 24 (𝐸/𝑁) -0.284 (m•V•s) -1 (14) Functions ( 11) -( 14) are shown in Figure 5 as solid lines. 

III. FLUID DRIFT-DIFFUSION MODEL

A parallel-plane electrode topology was used in the present work to model the development of fast ionization fronts in gases. The ionization front model is based on continuity equations, (1) -( 3), and Poisson's equation, [START_REF] Haddad | Advances in High Voltage Engineering[END_REF]. The model was implemented in COMSOL Multiphysics software, using a 2D geometry with symmetrical electrodes in the cylindrical coordinate system, with the z-axis directed vertically (r is the radial coordinate). The inter-electrode gap was set to 1.5 mm, the radius of both plane electrodes was 3 mm, and the gas pressure in all cases was set to 1 atm (absolute).

The top plane electrode (cathode) was energised with a negative potential, the lower electrode was kept at zero potential. A cluster of seed electrons, which simulates initial electrons produced by natural background radiation, was located at the centre of the cathode. The initial electron concentration, 𝑛 𝑒0 , followed a Gaussian distribution, [START_REF] Tran | Numerical modelling of negative discharges in air with experimental validation[END_REF]:

𝑛 𝑒0 = 𝑛 0 𝑒𝑥𝑝 (- (r-𝑟 0 ) 2 2𝜎 𝑟 - (z-𝑧 0 ) 2 2𝜎 𝑧 ) ( 15 
)
where n 0 is the maximum concentration of seed electrons, n 0 = 10 12 m -3 , [START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF]. The centre of the electron cluster was positioned at r 0 = z 0 = 0. The parameters controlling the change in the electron density along the r and z coordinates were set to  r =  z = 0.25 mm, as proposed in [18].

IV. BREAKDOWN CRITERION

A. Fluid Drift-diffusion Model

The computational procedure to solve (1) -( 4) starts at time t 0 , when the magnitude of the applied negative voltage is set to a user-defined value, U 0 . The electron density associated with the development of the ionization front (streamer) is then obtained after a time interval specified by the user, t br . If the electron density was not distributed uniformly, the magnitude of the applied voltage was increased by U, and the computational process was repeated. The voltage magnitude was increased in steps, U, until the uniform distribution of the electron density in the z direction across the gap was observed. This marks the voltage condition, U br , where the ionization front just reaches the opposite (ground) electrode in the time interval, t br , which is recorded as time to breakdown. Convergence of the computational algorithm was achieved by the selection of the appropriate mesh size at each step of the computational process.

B. Kinetic Model

According to the Townsend model of an electron avalanche, the electronic charge in the avalanche head, Q¸ increases exponentially with propagation time, t:

Q  exp( t) ( 16 
)
where  is ionization frequency. Following the Meek criterion, the electron avalanche transforms into a streamer (streamer breakdown criterion) when the number of electrons in the avalanche head reaches 10 8 . Thus, the following condition can be obtained:

 t br  18 (17) 
The ionization frequency,, is the product of the effective ionization coefficient,  eff , and the electron drift velocity, v drift :  =  eff v drift . The drift velocity itself is the product of electron mobility and the electric field: v drift = µ e E. Thus, the relationship between time to breakdown, t br , and reduced breakdown field, E/N, can be established:

t br N= 18/[( eff µ e )(E/N)] (18) 
where both,  eff and µ e , are functions of E/N. This kinetic relationship will be used in Section V to obtain field-time breakdown characteristics for gases.

V. SIMULATION RESULTS

Computational modelling of the development of ionization fronts in air, N 2 , CO 2 , and SF 6 , have been conducted using the fluid drift -diffusion model, (1) -( 4). This model was used to obtain breakdown voltages, for values of time to breakdown covering a range of values of reduced field. The kinetic model has also been used to calculate breakdown times as a function of field, over a range of reduced field values for the gases investigated. The nominal average velocities of propagation of the ionization fronts have also been obtained from the fluid drift diffusion model. The ionization front propagation velocity, 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 , is defined as the length of the inter-electrode gap, ℓ, divided by the time to breakdown, t br , i.e. the time required for the ionization front to form, cross the gap and reach the anode:

𝑣̅ 𝑓𝑟𝑜𝑛𝑡 = ℓ 𝑡 𝑏𝑟 ⁄ (19) 
This definition of the nominal average streamer velocity was used in [START_REF] Huiskamp | Temperature and pressure effects on positive streamers in air[END_REF], [START_REF] Pancheshnyi | Two-dimensional numerical modeling of the cathode-directed streamer development in a long gap at high voltage[END_REF], and [START_REF] Serdyuk | The propagation of positive streamers in a weak and uniform background electric field[END_REF].

A. Average Velocity of Ionization Front

The nominal average ionization front velocities in air, N 2 , CO 2 , and SF 6 , obtained using [START_REF] Eichwald | Breakdown criteria in air: an overview supported by predictive simulations[END_REF], are shown in Figure 6 as functions of E/N. These results demonstrate that 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 increases with an increase in the applied electric field. For example, 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 in air at atmospheric pressure increases from 0.13•10 6 m/s at 4•10 6 V/m, up to 5.7•10 6 m/s at 115•10 6 V/m. These values are in the range of those reported in the literature: [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF] indicates that the average velocity of streamers in air is (0.1-10)•10 6 m/s; while [START_REF] Serdyuk | The propagation of positive streamers in a weak and uniform background electric field[END_REF] and [START_REF] Shi | Properties of relatively long streamers initiated from an isolated hydrometeor[END_REF] provide the value of 2•10 6 m/s for this velocity. As can be seen from Figure 6, 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 for CO 2 is similar to that for air, for all values of E/N, [START_REF] Seeger | Streamer parameters and breakdown in CO2[END_REF]. For N 2 , 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 is lower than that for air and CO 2 . This is confirmed by the published data, for example, [START_REF] Won | Experimental study of streamers in pure N2 and N2/O2 mixtures and a ≈13 cm gap[END_REF] and [START_REF] Van Veldhuizen | Inception behaviour of pulsed positive corona in several gases[END_REF] quote 10 5 m/s and 10 4 m/s as average streamer velocities in N 2 . SF 6 has the lowest nominal average velocity,  0.3•10 6 m/s, at 368 Td as compared with the average velocities obtained for other investigated gases at 360 Td.

B. Field-Time Characteristics

The breakdown parameters: time to breakdown multiplied by the particle density, Nt br , and reduced breakdown field (E/N) br , obtained via the fluid drift-diffusion model ( 1) -( 4), and the kinetic model [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF], have been plotted as time -field breakdown curves. Figures 78910show Nt br as a function of (E/N) br for air, N 2 , CO 2 , and SF 6 , together with the experimental breakdown data from [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF]. The kinetic model provides the values of Nt br (shown as solid lines) in a wide range of the reduced breakdown fields. However, due to computational limitation, the results obtained using the fluid drift-diffusion model (shown as solid dots) were restricted to values of (E/N) br less than 500 Td.

It can be seen that both, the computational fluid drift-diffusion model and the kinetic model provide a good agreement with the experimental breakdown characteristics available for air, N 2 , and SF 6 . No experimental field -time breakdown data for CO 2 was found in the literature. 4); -kinetic approach, [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. Fig. 8. Ntbr as a function of (E/N)br in N2. • experimental data, [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF]; • fluid drift-diffusion model ( 1)-( 4); -kinetic approach [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. 4); -kinetic approach [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. Fig. 10. Ntbr as a function of (E/N)br in SF6. □ experimental data, [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF], • fluid drift-diffusion model, (1) -(4); -kinetic approach , [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. Figure 11 summarises the results of kinetic modelling and shows Nt br as a function of (E/N) br for all investigated gases, obtained using [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. This representation of Nt br (E/N) curves facilitates analysis of the time-breakdown field performance of the different gases. For lower fields, (E/N) br <1000 Td, SF 6 demonstrates significantly longer formative time (greater Nt br values) as compared with other gases, and this difference increases as (E/N) br decreases. Air and CO 2 show almost identical breakdown performance for (E/N) br <1000 Td, N 2 demonstrates slightly higher values of Nt br than air and CO 2 , but lower than SF 6 in this range. It is interesting to note that, for field strengths above 3000 Td, the time -breakdown field curve for air converges with that for SF 6 , while the Nt br (E/N) curve for N 2 shows lower Nt br values than those for SF 6 and air. These scaling relations can be used in analysis of the time required for the ionization front to cross the inter-electrode gap for different levels of applied field, and at different gas pressures. Figure 12 shows the reduced breakdown field values for different values of Nt br , for all investigated gases. It can be seen that at longer breakdown times (i.e. higher values of Nt br at the constant pressure), SF 6 demonstrates higher values of breakdown field than the other gases. However, for lower values of Nt br , all gases show similar reduced breakdown fields -for example, for Nt br = 310 15 (s/m 3 ), (E/N) br for all investigated gases is in the range of 700 -1000 Td (although air and N 2 show lower values of (E/N) br than SF 6 and CO 2 ). With further decrease in Nt br , CO 2 and SF 6 show similar values of (E/N) br , as can also be seen in Figure 11. 

VI. CONCLUSION

In the present work, two models that allow the simulation and prediction of the time -field breakdown characteristics were used to investigate breakdown behaviour of different gases. The first model is based on the fluid drift -diffusion computational approach, which can simulate the transient development of the ionization front in different gases. The second model is based on the kinetic approach to gas breakdown and uses the avalanche-to-streamer transition criterion. Both approaches were used for modelling of the field -time breakdown characteristics of air, N 2 , CO 2 , and SF 6 -gases, for which the ionization and transport parameters are known. Based on the literature data, the analytical equations for the effective ionization coefficients and for electronic mobility for these gases were obtained in a wide range of E/N used in the present study.

The analytical relationship between the time to breakdown (the time required for the ionization front to cross the gap) and the breakdown voltage (minimum voltage applied to the electrode system at which the ionization front can bridge the gap) were obtained for all gases considered in the present work. It was shown that the obtained analytical results demonstrate good agreement with the experimental field-time breakdown data published in [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF], [START_REF] Fletcher | Impulse breakdown in the 10 -9 sec range of air at atmospheric pressure[END_REF], and [START_REF] Gould | Breakdown of air at microwave frequencies[END_REF].

The results obtained in this work are presented as time-field breakdown characteristics: the product of the particle density and the time to breakdown, Nt br , versus the reduced electric field, (E/N) br . It is known that, within the framework of the gas kinetic approach, the mean free path of an electron is a function of the reciprocal of the gas particle density, 1/N. In this approach, the energy required to ionise neutral atoms or molecules has no dependence on pressure (gas particle density). Thus, using dimensional analysis, it can be shown that, both, the applied electric field required for electrons to gain such energy, and the energy gaining frequency (the reciprocal of the time required for electrons to gain this energy, [START_REF] Raizer | Gas Discharge Physics[END_REF]), are functions of N, [START_REF] Ebert | Review of recent results on streamer discharges and discussion of their relevance for sprites and lightning[END_REF]. Therefore, the parameters Nt br and (E/N) br can be used to establish scaling relations for gas discharges and breakdown in gases. Since these relations imply that the breakdown parameters are the same at fixed values of (E/N), they can be employed for analysis of the breakdown behaviour of gases in similar electrode topologies, at different pressures. The analytical time-field breakdown characteristics, Nt br vs (E/N) br , obtained in this work fit well the experimental results for air, N 2 , and SF 6 , obtained and presented in [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF]. In the tests conducted in [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF], the applied voltage was in the range from 5 kV to 30 kV (in the case of air), from 4 kV to 20 kV (in the case of N 2 ), and from 4 kV to 25 kV (in the case of SF 6 ), while the gas pressures used were between ~1.3•10 -3 atm and ~1 atm. The maximum inter-electrode gap was 6 cm for all gases, while the minimum gaps were different: 0.13 mm for air and N 2 , and 0.051 mm for SF 6 . Analysing the experimental time-breakdown data presented in [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF] for different inter-electrode gaps, it can be noted that the values of the pressure-distance product, p × d, were in the range from several thousandths of one atm•cm, to ~ 0.1 atm•cm. These values of p × d correspond to the right-hand side of the Paschen curve for all investigated gases. Thus, the models developed in the presented paper and the obtained scaling relations can be stated to be valid for the experimental parameters used in [START_REF] Felsenthal | Nanosecond-Pulse Breakdown in Gases[END_REF]. Further experimental studies are required in order to establish the full range of operational parameters within which the proposed scaling relations are valid.

The proposed models will help in further investigation of the transient breakdown processes in gases, and can be used in the design and optimisation of gas-filled, high voltage sub-systems and components, for use in power and pulsed power systems.
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Fig. 2 .

 2 Fig. 2. /N as a function of E/N in N2. Experimental data: ⊲, [23]; ○, [24].

Fig. 4 .

 4 Fig.4. eff/N as a function of E/N in SF6. Experimental data: ○[START_REF] Christophorou | Electron Interaction with SF6[END_REF]. Fitting curves: dashed line,[START_REF] Morrow | A Survey of the Electron and Ion Transport Properties of SF6[END_REF]; solid line, present work,[START_REF] Georghiou | Numerical modelling of atmospheric pressure gas discharges leading to plasma production[END_REF]. Es/N represents the transition between different fitting curves from[START_REF] Morrow | A Survey of the Electron and Ion Transport Properties of SF6[END_REF].

Fig. 5 .

 5 Fig. 5. µ e N as a function of E/N. Simulation data from literature: ○ [45]. Experimental data from literature: • [46], ■ [47], □ [32]. Fitting curves for present work: dashed line, air, (11); solid dark line, N2, (12); solid gray line, CO2, (13); dotted line, SF6, (14).

Fig. 6 .

 6 Fig. 6. Nominal average velocity of the ionization front, 𝑣̅ 𝑓𝑟𝑜𝑛𝑡 , as a function of E/N. • Air; □ N2; ▽ CO2; ▲ SF6. Connecting lines are given for visual guidance only.
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 7 Fig. 7. Ntbr as a function of (E/N)br in air. • experimental data, [8]; • fluid drift-diffusion model, (1) -(4); -kinetic approach,[START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF].
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 9 Fig. 9. Ntbr as a function of (E/N)br in CO2. • fluid drift-diffusion model (1) -(4); -kinetic approach[START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF].
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 11 Fig.11. Ntbr as function of (E/N)br, obtained by[START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. Dotted line: air; solid dark line: N2; solid gray line: CO2; dashed line: SF6.

Fig. 12 .

 12 Fig.12. (E/N)br for investigated gases for specific values of Ntbr. △ 21017 (s/m 3 ); ▲ 510 16 (s/m 3 ); □ 110 16 (s/m 3 ); ■ 310 15 (s/m 3 ).

Appendix I presents the swarm parameters used in both, the fluid drift-diffusion model, (1) - [START_REF] Haddad | Advances in High Voltage Engineering[END_REF], and the kinetic model, [START_REF] Kulikovsky | Positive Streamer between Parallel Plate Electrodes in Atmospheric Pressure Air[END_REF]. The reduced effective ionization coefficient,  eff /N= ( -)/N (m 2 ), is given as a function of reduced electric field, E/N (Td, 1 Td=10 21 Vm 2 ), for different ranges of E/N, for all investigated gases. The gas pressure used in the calculation of all parameters in the present work was equal to 10 5 Pa, providing a corresponding value of the particle number density of 𝑁 = 2.5 • 10 25 (1/𝑚 3 ) at room temperature. Tables II -V provide all ionization and transport coefficients used in the present paper.