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Resistive superconducting fault current limiters constitute a promising solution for high voltage networks. During the resistive current limitation, transient overvoltages and heat dissipation occur on superconducting tapes, inducing fast boiling of surrounding liquid nitrogen (LN2). An experimental system reproducing the fast transient heating of a tape electrode, synchronized with a high voltage impulse is described. Breakdown voltages measurements in both polarities are carried out versus synchronization delay, pressure (0.10 to 0.40 MPa), temperature (77 K and 65 K). Breakdown voltages show complex variations with these parameters. More insight is obtained from the recording of prebreakdown phenomena (streamer). The size of vapor bubbles has a large and counter-intuitive influence on streamer initiation: the smaller bubbles, the lower inception voltage. Subcooling LN2 (by decreasing temperature and/or increasing pressure) sometimes has a beneficial influence (quenching of negative streamer propagation), but deleterious effects can be as well observed in other circumstances (by favouring positive streamer initiation).

I. INTRODUCTION

URING recent years a significant amount of resistive fault current limiter (r-SCFCL) projects emerged [START_REF] Elschner | ENSYSTROB -Design, manufacturing and test of a 3-phase resistive fault current limiter based on coated conductors for medium voltage application[END_REF][START_REF] Tixador | Status of the European Union Project FASTGRID[END_REF][START_REF] Dai | Development and test of a 220 kV/1.5 kA resistive type superconducting fault current limiter[END_REF][START_REF] Moyzykh | First Russian 220 kV superconducting fault current limiter (SFCL) for application in city grid[END_REF][START_REF] Song | Design and tests of a 160-kV/1-kA DC superconducting fault current limiter[END_REF]. This interest is due to the intrinsic advantages of r-SCFCLs: implementing these devices has no influence on HV networks, thanks to the absence of resistance in normal conditions. When a fault involving large over-currents occurs, their resistance suddenly increases and reduces the current in the line down to acceptable level, both for the line itself, the substation equipment and for operation of circuit breakers [START_REF] Tixador | Superconducting Fault Current Limiter: Innovation For The Electric Grids[END_REF]. A new potential application is foreseen for the protection of Multi Terminals DC grids where short circuit currents could be reduced to the order of magnitude of the nominal current and DC circuit breakers design could be highly simplified, and their cost significantly reduced.

The electrical insulation of these high voltage devices is expected to be a mix of solid insulation, gaseous nitrogen (GN2) and liquid nitrogen (LN2). This insulation has to endure quite severe conditions, not found in usual high voltage devices.

First, 2 nd generation high temperature superconductors are often tape-shaped, and this geometry induces large stress to surrounding dielectric materials: a strong electric field reinforcement occurs at sharp edges of the tape. The study of dielectric breakdown in "normal" conditions (i.e. when the tape is superconducting) was studied in a first paper [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF].

Secondly, during resistive current limitation, the electrical insulation faces additional and simultaneous major stresses: LN2 boiling and impulse overvoltage. A strong transient heating occurs due to Joule effect, inducing an immediate and fast temperature rise of the tape, and rapid boiling of surrounding LN2 [START_REF] Maeda | Recovery Characteristics of GdBCO Tape in a Pressurized Liquid Nitrogen for a Resistive SFCL[END_REF][START_REF] Hong | The Structure, Performance and Recovery Time of a 10 kV Resistive Type Superconducting Fault Current Limiter[END_REF]. Since gaseous nitrogen (GN2) shows much weaker breakdown field than LN2, discharges can occur within vapor bubbles, and drastically decrease the overall breakdown voltage [START_REF] Hara | Electrical breakdown mechanism of liquid nitrogen in the presence of thermally induced bubbles[END_REF][START_REF] Fink | Withstand alternating voltage of liquid nitrogen in the presence of gas bubbles[END_REF].

Moreover, in addition to abnormal current conditions that initiated the superconducting transition, and generated a first overvoltage at the beginning of the limitation (due to the transient overcurrent flowing in the resistive r-SCFCL), the interruption of current by external circuit breakers generates another overvoltage at the end of the limitation process. Electrical network simulations show that the overvoltage amplitude and shape depend for a large part on the grid characteristics (including surge arresters, and line inductance). Simulated shapes and amplitudes resemble the standardized Switching Impulse, with amplitude 1.5 to 2 times the DC voltage. This overvoltage induces further additional dielectric stress on insulation, after some delay that depends on the grid structure and protection strategy. Such combination of thermal Olivier Lesaint (e-mail: olivier.lesaint@g2elab.grenoble-inp.fr) and Nelly Bonifaci (e-mail: nelly.bonifaci@g2elab.grenoble-inp.fr), both staff of CNRS, are presently full-time researchers at the G2Elab laboratory (Grenoble, France). Olivier Gallot-Lavallée (e-mail: olivier.gallotlavallee@g2elab.grenoble-inp.fr) is presently lecturer at UGA (Grenoble, France). Christophe Creusot (e-mail: Christophe.Creusot@supergrid-institute.com) and Alain Girodet (e-mail: Alain.Girodet@supergrid-institute.com) are currently research engineers at SuperGrid Institute, Lyon, France.

The experimental results presented here were obtained using the experimental facilities available at the G2Elab laboratory.
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and electrical stresses was seldom investigated in the literature [START_REF] Jin | Keeping Cool Under Pressure: Dielectric Strength of Sheet Insulation in Boiling Liquid Nitrogen[END_REF][START_REF] Hayakawa | Dynamic Breakdown Characteristics of Pancake Coil Model for Resistive-Type Superconducting Fault Current Limiters[END_REF].

In order to reproduce the transient heating of a superconducting tape during resistive limitation, a system using a resistive tape heated by Joule effect (impulse current applied through the tape) was designed [START_REF] Chassagnoux | Study of Turn-to-Turn Electrical Breakdown for Superconducting Fault Current Limiter Applications[END_REF][START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF]. In standard equilibrium conditions (temperature T = 77 K, pressure P = 0.1 MPa), the vaporization of LN2 by impulse heating induces a very large drop of breakdown voltage VBD DC under DC voltage: breakdown occurs through vapor bubbles, and VBD DC is reduced by a factor of nearly four as compared to the case with no heating [START_REF] Chassagnoux | Study of Turn-to-Turn Electrical Breakdown for Superconducting Fault Current Limiter Applications[END_REF]. Increasing the pressure up to P = 0.25 MPa allows recovering values measured in LN2 without heating [START_REF] Chassagnoux | Study of Turn-to-Turn Electrical Breakdown for Superconducting Fault Current Limiter Applications[END_REF].

To represent more closely conditions existing in a real system (transient heating followed by impulse overvoltage) several experiments were then carried out by synchronizing transient heating and high voltage impulse, with P = 0.1 MPa [START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF]. The aim of the present study is to further develop such measurements, by investigating pre-breakdown and breakdown phenomena over a wider range of conditions: LN2 pressure P from 0.10 to 0.40 MPa, temperature T of 77 K and 65 K, variable delay Δt between transient heating and application of the impulse voltage (from 5 to 40 ms), positive and negative impulses.

I. EXPERIMENTAL SETUPS AND METHODS

A. Experimental Setup

The cryostat [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF][START_REF] Hong | Influence of vapor bubbles initiated by steady heating on the breakdown of liquid nitrogen[END_REF] and the tape-plane electrode setup, used in this experimental study, were presented in previous studies [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF][START_REF] Chassagnoux | Study of Turn-to-Turn Electrical Breakdown for Superconducting Fault Current Limiter Applications[END_REF][START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF]. A schematic view of the electrode system is presented in Fig. 1. The upper electrode is a 40 mm diameter stainless steel plane electrode, connected to high voltage, and the lower grounded electrode is a 100-μm thick Hastelloy ® C276 tape.

This tape electrode, 100 mm in length, can be heated by the application of a strong transient current (about 160 A), inducing an average Joule power dissipation of 2.5 kW for 40 ms, i.e. 100 J total dissipation. All parameters (tape shape, power and duration of transient heating, delay to impulse voltage Δt) were chosen in order to represent closely conditions existing in a real r-SCFCL during operation. The large heating current was obtained by connecting the tape to a capacitor bank for 40 ms, via a series switch made with a power MOSFET transistor. The average temperature Tt(t) of the tape was monitored via precise transient measurements of current and voltage across the tape, providing its resistance Rt(t), and from the knowledge of the Hastelloy ® resistivity versus temperature. Tt raised from 77K up to 400 K after 40 ms (Fig. 1b). Transient tape temperature Tt(t) was also computed by thermal modelling, in good agreement with resistance measurements.

The large and fast temperature rise of the tape induces boiling of surrounding LN2, and growth of a vapor layer on the tape over time. After the onset of heating, a high voltage Step Impulse (STI, 0.4/1400 μs shape) of amplitude Vm was applied to the plane after some pre-selected delay Δt (Fig. 1b). This nonstandard STI impulse shape, already used for the study of prebreakdown phenomena in various liquids and LN2 [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF] was preferred to the standard Switching Impulse (SI), although it is less representative of the current limiting application. With the long risetime of SI, discharge initiation occurs during the voltage rise at rather unpredictable and scattered instant and instantaneous voltage. Following initiation, discharge propagate while the voltage rapidly varies (during risetime). It is then difficult to properly describe and understand the influence of voltage, that randomly varies from one shot to another. In addition, it is very difficult to synchronize high speed cameras to record phenomena, since initiation time is random. With the short risetime of the STI impulse, initiation instant and voltage are precisely fixed. Thanks to the long fall time, pre-breakdown phenomena develop while the voltage is quasiconstant. This greatly simplifies the interpretation of data, and recording of images. Since the STI impulse provides a better insight into pre-breakdown phenomena, it was preferred to SI at the expense of waveform shape representativity. Notice that a comparative study of STI, LI, and SI waveforms was carried out with non-heated tape in [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF]. In the following text, the quoted polarity of pre-breakdown phenomena is the tape polarity, since discharges always start from this tape electrode.

Additional diagnostic methods such as in [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF] were used: fast video camera to record vapor bubble dynamics, gated image IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION intensifier and photomultiplier (PM) to record and visualize the light emitted by discharges within bubbles, or in LN2.

B. Experimental Protocols and Methods

A multiple test protocol was applied in this study: tests were repeated 20 times for each applied impulse of maximum crest voltage Vm, and the number of breakdown (out of 20) was recorded. Then the applied voltage Vm was increased. This procedure was repeated until breakdown occurred at each shot, or until the maximum voltage of the cryostat (160 kV) was reached. From 80 to 160 shots were applied for each set of experimental conditions (constant pressure P, temperature T, delay Δt, and tape polarity).

Breakdown probability versus voltage is supposed to follow the 2-parameter Weibull distribution [START_REF] Weibull | A statistical distribution function of wide applicability[END_REF] (1):

𝑝(𝑉) = 1 -𝑒 -( 𝑉 𝑉 0 ) 𝑛 0
(1) with p the breakdown probability, V the applied (crest) voltage, V0 a scale parameter (corresponding to a breakdown probability of 63.2 %), and n0 the shape parameter. Best fits of results according to Weibull distribution were performed with a Bayesian approach, using the RStudio software, and the Rethinking package [START_REF]Statistical Rethinking course and book package[END_REF]. Best fits and raw data are in good agreement, as one can observe with a few examples in [START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF]. In order not to overload the graphs, only best fits will be plotted here. The use of statistical analysis to fit breakdown voltage distributions is supported by the absence of "conditioning" of the system. In contrast with usual hydrocarbon liquids, no degradation of LN2 can occur (i.e. generation of solid, liquid, gaseous by-products), since N2 is the only stable recombination way of species occurring during breakdown. Repeated breakdown measurements in identical conditions showed a good reproducibility, indicating no major evolution of the tape (e.g. creation or destruction of large defects). This was ascertained by SEM imaging after breakdown tests, showing no irregularities of the tape bigger than the typical tape edge radius (5 to 10 µm). This stability of the tape was greatly favored by the 1 kΩ resistor located immediately in series with the plane electrode (Fig. 1a), which considerably limited the energy dissipated during breakdown (< 1J).

III. EXPERIMENTAL RESULTS

A. Vapor Bubble Growth Without Applied Field, Influence of Pressure and Temperature

Without applied high voltage, the recording of bubble growth due to pulse heating (Fig. 2 and3) was obtained with a fast video camera (4000 frames/s) with background illumination. In equilibrium conditions (T = 77 K, P = 0.1 MPa), Fig. 2 shows the development of vapor bubbles at different instants during heating (t = 5, 15, 40 ms) and after heating (t = 100 ms). These shadow-photographs correspond to lateral visualization of the tape (such as the drawing of Fig. 1a), and therefore the vapor layer on the tape surface can not be seen. Only vapor developing in the liquid above the tape edge can be observed. Precise image analysis shows that a "front" of vapor surrounding the tape suddenly appears 3.5 ms after the start of heating. Before vapor appearance, LN2 is superheated. The maximum excess temperature of the liquid above the boiling temperature (77 K) was previously estimated to 33 K [20,[START_REF] Duluc | Boiling incipience in liquid nitrogen induce by a step change in heat flux[END_REF], i.e. a local temperature of 110 K. This value is in reasonable agreement with the tape temperature recorded at t = 3.5 ms from resistance measurement (120 K, see Fig. 1b). Later on, during heating the vapor film grows, and bubbles detach and go up due to buoyancy. Following heating, vapor bubbles eventually fill the gap (t = 100 ms). When either pressure is increased at constant temperature (T = 77 K), or temperature decreased at constant pressure (P = 0.1 MPa), liquid and gaseous phases are not any more in equilibrium. Vapor must eventually condensate, and bubble development under impulse heating considerably changes (Fig. 3). Increasing pressure drastically reduces the volume of vapor, due to two reasons: the increase of gas density while the dissipated thermal energy (100 J) remains constant, and the condensation of vapor generated by the tape at the cold gas/liquid boundary. When LN2 is subcooled at T = 65 K, the same large reduction of vapor volume is observed.

B. Pre-Breakdown and Breakdown Under Impulse Voltage in Equilibrium Conditions: 77 K / 0.1 MPa

In order to investigate the influence of the delay Δt between the start of the heating and the impulse voltage, three different delays Δt of 5, 15 and 40 ms were used. Images of the light emission due to discharges was recorded with a gated image intensifier camera. Opening of the camera gate was synchronized with the beginning of the high voltage impulse, and the shutter was closed a few µs later. The larger size of partial discharges occurring in the vapor at longer delay Δt is linked to the larger bubble size (Fig. 2). As previously observed in [START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF], the sequence leading to breakdown with a heated tape is a 3-step process: partial discharges occurring in vapor, streamer initiation in the liquid from ionized vapor bubbles, and streamer propagation in LN2. 

Partial discharges in the vapor layer only.

When impulse voltage Vm is progressively raised, filamentary discharges first occur within vapor around the heated tape electrode (Fig. 4), as soon as the HV impulse is applied. Sensitive light detection with the photomultiplier shows that gas discharges systematically occurred in all measurements, starting from the minimum voltage allowed by the Marx generator (20 kV). At voltages up to about Vm ≈ 50 kV, no light coming from the liquid above the gas/liquid boundary can be seen. Since the vapor volume generated prior to voltage application is small at short Δt (Fig. 2), the extension of the luminous zone also considerably reduces. Although the presence of light emission at short times (Δt = 5, 15 ms) is ascertained from photomultiplier measurements, it becomes hardly observable on photographs (Fig. 4), due to insufficient resolution and sensitivity of images.

Correlated to these gas discharges, the vapor/liquid interface gets destabilized. Photographs obtained after impulse voltage application show that numerous small gaseous "spikes" develop from the vapor/liquid interface (Fig. 5b). Gas discharges impinging the vapor/liquid interface induce surface charges, and presumably local liquid vaporization. Both the vapor generated, and the electrostatic pressure pulling the interface toward the liquid could explain these spikes. To some extent, this phenomenon can be compared to slow "first mode" streamers in liquids, which development also involves internal gas discharges, vaporization, and action of electrostatic forces [START_REF] Watson | The role of electrostatic and hydrodynamic forces in the negative-point breakdown of liquid dielectrics[END_REF][START_REF] Fleszyński | Development of discharges in liquid nitrogen in non-uniform electrical field[END_REF]. This bubble deformation was identical in positive and negative polarities. 

Streamers in liquids.

When Vm is raised significantly (typically beyond 50 kV), streamers propagating in the liquid ahead of the gas/liquid boundary occurs. With Δt = 40 ms and large vapor bubbles (Fig. 6d), the light emitted by streamers in liquids sometimes look like the prolongation of a luminous filament in the gas (Fig. 6e,f), but examples without any visible luminous filament in the gas are also frequently observed. At short Δt with small bubbles (Fig. 6a), gas discharges of small size cannot be individually distinguished (although a weakly luminous layer can be observed with strong light intensification), and only streamers developing in the liquid are observed (Fig. 6b,c). Different light intensifier setting were used for each picture to obtain good contrast on streamer, so the amount of discharges cannot be solely be deduced form these pictures. In negative polarity, streamers propagate with a bush-like structure and mean velocity vs ranging from 100 to 200 m/s. This shape and velocity are identical to those of streamers observed with non-heated tape [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF], and point-plane gap [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF][START_REF] Frayssines | Streamers in liquid nitrogen: characterization and spectroscopic determination of gaseous filament temperature and electron density[END_REF]26]. Minimum voltages to observe streamer development (down to about 60 kV with Δt = 5 ms and d = 10 mm) are considerably reduced as compared to non-heated tape (about 110 kV [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF]).

In positive polarity, two streamer modes were recorded instead of only one with non-heated tape, as shown by timeresolved measurements of emitted light with the photomultiplier, such as in [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF]. Slow streamers with a bush-like structure and typical velocity about 100 m/s were observed at low voltage, typically from Vm = -60 to -80 kV. The observation of positive streamers down to -60 kV shows a large reduction of minimum initiation voltage, compared to non-heated tape. They are very similar to negatives, with emitted light constituted by numerous fast pulses [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF]. Fast filamentary streamers (velocity >> 1 km/s), were also observed, similar to those recorded with non-heated tape [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF] and point-plane gaps in LN2 [START_REF] Frayssines | Streamers in liquid nitrogen: characterization and spectroscopic determination of gaseous filament temperature and electron density[END_REF]26]. In point-plane geometry with very sharp points (tip radius rc = 1 µm, d = 3 mm), slow positive streamers in LN2 were observed only in a narrow voltage range (10 to 20 kV), and switched to fast filamentary above 30 kV [26].

In both polarities, it is obvious that heating may considerably favor streamer initiation, as compared to non-heated tape. When streamers propagate up to the upper plane electrode, then breakdown occurs.

Breakdown measurements.

Breakdown distributions with Δt = 5, 15 and 40 ms and both polarities are presented in Fig. 7. The range of breakdown voltages measured previously without heating (50 % Up and Down protocol [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF]), is added to this figure for comparison (horizontal bars). In any conditions, VBD without heating is higher than with heating. Since breakdown was "initiationcontrolled" without heating (light inception recorded in [START_REF] Chassagnoux | Pre-Breakdown and Breakdown Phenomena in Liquid Nitrogen with a Tape -Plane Electrode Geometry[END_REF] with a photomultiplier was systematically followed by breakdown), this means that streamer initiation is greatly favored by heating. As the delay Δt is increased, the vapor layer existing prior to voltage application gets thicker, but the breakdown voltage surprisingly increases. This rather counter-intuitive effect was already reported in [START_REF] Chassagnoux | Prebreakdown and Breakdown in Liquid Nitrogen under Pulsed Heating for Superconducting Applications[END_REF], and is confirmed here with additional measurements. The shortest delay investigated (Δt = 5 ms) provides the largest drop of breakdown voltage, nearly half that measured without heating. 

Field calculations on charged vapor bubbles.

Simple electrostatic calculations can provide a qualitative explanation for this effect. Once a charge layer at the liquid/gas interface is established, with the hypothesis that the voltage drop within bubbles is negligible in the presence of discharges, the charged interface then act as a new "grounded electrode". Fig. 8 shows calculations of the maximum electric field Elmax in the liquid ahead of the interface with these simple assumptions. Two different bubble shapes at the tape edge are considered: either a thin layer with constant vapor thickness h (more relevant for short Δt), and a thick rounded bubble (more relevant of large bubbles observed at large Δt, Fig. 2c). The radius of curvature rc of the tape corner was rc = 5 µm.

Starting from a very thin gaseous layer (h = 5 μm) the maximum electric field Elmax at tape corners decreases as h becomes larger, and further on when large, rounded bubbles appear. Elmax later increases when h exceeds about 3 mm, due to a reducing bubble-plane distance. These calculations confirm that streamer initiation in the liquid should be favored when the vapor thickness h is minimum (i.e. maximum field Elmax), which corresponds to observations. The presence of "spikes" on the interface may induce further local field enhancement, but their influence is not considered in these simple calculations.

Without vapor layer (i.e. metallic tape with rc = 5 µm rounded corner), the maximum field should be even higher IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION compared to the case with h = 5 μm (that in fact corresponds to rc + h = 10 µm radius of curvature). However, instead of further decreasing, the measured initiation voltage is conversely about twice that measured with heating and Δt = 5 ms. This shows that streamer initiation in the high field region is considerably favored when the liquid is superheated and contains vapor bubbles of presumably µm size. This agrees with the hypothesis that streamer initiation in liquids starts with liquid heating and bubble nucleation, even in classical point-plane experiments at room temperature [START_REF] Fleszyński | Development of discharges in liquid nitrogen in non-uniform electrical field[END_REF]. 

C. Influence of Pressure with T = 77 K.

The hydrostatic pressure P was increased to 0.4 MPa at constant temperature T = 77 K, in both polarities for Δt = 15 ms and Δt = 40 ms. Resulting breakdown probabilities are plotted in Fig. 9 and Fig. 10. In negative polarity for pressures higher than P = 0.10 MPa, probability plots could not be obtained when VBD became larger than the voltage limit of the cryostat. In these cases, empirical breakdown frequency defined as the number of breakdown divided by the number of applied impulses (20), were recorded instead on graphs.

Negative polarity

The increase of P leads to a large increase of VBD whatever the delay Δt (15 ms or 40 ms). With Δt = 40 ms and P > 0.10 MPa streamers were sometimes recorded, but very few of them lead to breakdown. With Δt = 15 ms negative streamers were systematically recorded at low breakdown probability (e.g. at 118 kV for P = 0.20 MPa and at 161 kV for P = 0.30 MPa). In such case, breakdown became controlled by streamer propagation: many non-disruptive streamers are recorded at voltages below breakdown voltage. Photographs of non-disruptive negative streamers at 0.20 MPa are shown on Fig. 11a). Although numerous streamers appear, none of them leads to breakdown: negative streamer propagation is very efficiently quenched by the increase of pressure. This observation is in line with previous studies of slow "1 st mode" negative streamers in LN2, strongly influenced by pressure [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF][START_REF] Fleszyński | Development of discharges in liquid nitrogen in non-uniform electrical field[END_REF]. 

Positive polarity

The influence of pressure on breakdown in positive polarity is more complex than in negative polarity, mostly because two streamer modes with very different properties can occur with IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION heated tape. With Δt = 15 ms, increasing the pressure to 0.4 MPa has little impact on VBD, in marked contrast with negative polarity. Breakdown is due to fast positive filamentary streamers, which propagation is not affected by the moderate pressure used here [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF]. The initiation of fast streamers is favored by short Δt, which in turn induces thinner vapor layer h and higher fields available for initiation (Fig. 8).

With Δt = 40 ms, the maximum thickness h of vapor bubbles is much larger: it decreases from about h ≈ 4 mm @ 0.1 MPa, down to h ≈ 0.5 mm @ 0.4 MPa. Logically, as in Fig. 7, VBD is much higher than with Δt = 15 ms (larger bubbles induce lower fields for streamer initiation). VBD first increases from P = 0.10 MPa to 0.20 MPa, then decreases from 0.20 MPa to 0.40 MPa. Breakdown probabilities are very similar at 0.10 MPa and 0.40 MPa. However, measurements of breakdown delays tBD from impulse voltage rise to breakdown (Fig. 12), as well as photomultiplier recordings show that prebreakdown phenomena change when pressure is raised. Between 0.10 MPa and 0.40 MPa, median delays tBD drop by around a decade, typically from tBD = 100 µs to 8 µs, indicating marked changes in the pre-breakdown process. At P = 0.1 and 0.2 MPa, long tBD correspond to the propagation of slow "1 st mode" positive streamers. Increasing the pressure efficiently quenches the propagation of such streamers [START_REF] Frayssines | Prebreakdown phenomena at high voltage in liquid nitrogen and comparison with mineral oil[END_REF][START_REF] Fleszyński | Development of discharges in liquid nitrogen in non-uniform electrical field[END_REF], inducing an increase of VBD at 0.2 MPa. It is remarkable that slow streamers are initiated at voltages above Vm = 100 kV, whereas fast streamers already occurred at lower voltage (80 kV) with Δt = 5 ms (Fig. 9). This confirms that fast streamer initiation is favored with low vapor thickness h, and higher fields (Fig. 8).

Increasing the pressure above 0.2 MPa further quenches slow streamer propagation and favors the inception of fast streamers by reducing the vapor thickness h. This explains why breakdown voltage decreases, and becomes predominantly due to fast streamers at P = 0.4 MPa. 

Negative polarity

The decrease of T to 65 K at constant pressure leads to an increase of VBD (Fig. 13). Many non-disruptive streamers were recorded at voltages corresponding to low breakdown probability (e.g. Vm = 126 kV for P = 0.10 MPa). Therefore, breakdown remains controlled by streamer propagation at T = IEEE TRANSACTIONS ON DIELECTRICS AND ELECTRICAL INSULATION 65 K. Non-disruptive negative streamers at 65 K are shown on Fig. 11b. To some extent, decreasing the temperature has a similar impact on negative streamers than increasing the pressure: the propagation is impeded due to condensation of vapor while slow streamers develop. Adding both effects (T = 65 K and P = 0.2 MPa) logically further increases the breakdown voltage.

Positive polarity

In positive polarity (Fig. 14), the decrease from T = 77 K to 65 K leads to a large decrease of VBD. Once again, this deleterious effect was unexpected, and can be attributed to the reduction of bubble size due to subcooling (Fig. 3), leading in turn to the increase of maximum electric field Elmax around bubbles.

IV. DISCUSSION: INFLUENCE OF SUBCOOLING ON BREAKDOWN VOLTAGE

A general trend found in the literature about breakdown in LN2 is the increase of breakdown voltage observed when LN2 is "subcooled", i.e. when temperature and/or pressure conditions are adjusted in such a way that the liquid is not any more in boiling conditions. This can be achieved either by increasing the pressure above 0.1 MPa with T = 77 K, or decreasing temperature below 77 K with P = 0.1 MPa, or both. The beneficial effect is that vapor bubbles do not any more exist for long times. A positive effect on breakdown under high voltage was reported, both without heating [START_REF] Blaz | Studies of breakdowns in liquid nitrogen at different pressures between Rogowski electrodes[END_REF][START_REF] Hayakawa | Size effect on breakdown strength in sub-cooled liquid nitrogen for superconducting power apparatus[END_REF] and in the presence of heating [START_REF] Hara | Electrical breakdown mechanism of liquid nitrogen in the presence of thermally induced bubbles[END_REF][START_REF] Sauers | Effect of Bubbles on Liquid Nitrogen Breakdown in Plane-Plane Electrode Geometry From 100-250 kPa[END_REF].

This experimental study was carried out with the objective to simulate as close as possible the conditions found in a real resistive fault current limiter (fast heating of superconductors during limitation), including its interaction with a real energy grid (voltage surge due to current interruption). This situation constitutes a combination of the worst possible conditions for a dielectric liquid: the superconducting tape shape induces a very high local field, the resistive transition induces vapor in this high field region, and once bubbles are developed a high voltage impulse is applied. Several results obtained here with such severe conditions do not agree with the general interest of subcooling. Instead of a positive (or even negligible) influence, a large deleterious effect was sometimes reported when positive high voltage is applied to the tape: decreasing temperature to 65 K can induce a large drop of breakdown voltage (Fig. 14).

The large heating power (10 6 W/m 2 ) used here, and the shape of the tape generating a low field utilization factor ( = Emean/Emax = 0.046 with d = 10 mm, computed with a 3D simulation with a micrometric mesh size around the tape edges) constitute major differences with several previous studies, carried out with smaller heating power and field enhancement. The present study also highlights the key influence of the delay Δt between heating and high voltage impulse. The primary objective was to study the influence of the HV impulse induced by the external circuit breaker. The investigation of the delay Δt over a large range (0 to 40 ms) provides some insight on this key parameter, that can be used to better understand the behavior of a SCFCL depending on its actual working conditions.

With a similar setup in DC [START_REF] Chassagnoux | Study of Turn-to-Turn Electrical Breakdown for Superconducting Fault Current Limiter Applications[END_REF], VBD increased systematically versus pressure. Therefore, heating power and electrode shape are not the only relevant parameters. The voltage shape and synchronization with heating has a large influence with a tape electrode. Altogether, the problem of dielectric withstand during limitation in a real superconducting current limiter is quite complex, requires a careful analysis of several parameters, and probably additional measurements.

V. CONCLUSION

In this study, breakdown voltages measured with heated tape and synchronized high voltage impulse show complex variation with experimental parameters. Although several investigations remains necessary to fully understand and predict the electrical behavior of LN2 in such severe conditions, a few statements can be however derived from the results obtained:  negative streamer propagation is efficiently quenched by subcooling, i.e. by an increase of pressure or a decrease of temperature;  the time delay between start of heating and current interruption appears as a parameter of primary importance. Small delay leading to small vapor bubbles close to the tape leads to lower breakdown voltage. As a result, breakdown voltage in several cases paradoxically decreases when LN2 is subcooled (by increase of pressure or decrease of temperature);  many parameters such as gap distance, voltage polarity, temperature, pressure, synchronization, contribute to a complex and hardly predictable evolution of breakdown voltage.

Fig. 1 .

 1 Fig. 1. a) Schematic drawing of the electrode system used for the experiments. b) High voltage STI impulse applied to the upper plane electrode, heating current through the tape, and transient temperature rise Tt (t) of the tape electrode. Voltage amplitude Vm applied during tests was in the range 20-160 kV.

Fig. 2 .

 2 Fig. 2. Vapor bubbles observed at different instants during (a,b,c) and after (d) heating, without application of high voltage impulse. T = 77 K, P = 0.1 MPa, d = 10 mm. a: t = 5 ms, b: 15 ms, c: 40 ms, d: 100 ms.

Fig. 3 .

 3 Fig. 3. Vapor bubbles observed at the end of heating (t = 40 ms) without applied field, when pressure is increased (left), or temperature decreased (right). d = 10 mm.

Fig. 4 .

 4 Fig. 4. Light emission due to partial occurring in the gaseous phase with high voltage impulse applied after different delays Δt. a) Δt = 5 ms (Ttape = 150 K), Vm = 67 kV. b) Δt = 15 ms (TTape = 240 K). c) Δt = 40 ms (Ttape = 400 K). TLN2 = 77 K, P = 0.1 MPa, d = 10 mm.

Fig. 5 .

 5 Fig. 5. Vapor bubbles observed immediately before (a), and 250 µs after voltage application (b). Δt = 40 ms, T = 77 K, P = 0.1 MPa, d = 10 mm, Vm = 91 kV.

Fig. 6 .

 6 Fig. 6. Streamer propagation in the liquid in both tape polarities for Δt = 5 ms ('a', 'b' and 'c') and Δt = 40 ms ('d', 'e' and 'f'). a,d: no applied voltage, b: 76 kV, b: -71 kV, e: 126 kV, f: -135 kV. T = 77 K, d = 10 mm, P = 0.10 MPa.

Fig. 7 .

 7 Fig. 7. Breakdown probability distributions according to Weibull distribution, for 3 delays Δt and both tape polarities. Breakdown voltages measured without heating [7] are also added on this graph (horizontal bars). T = 77 K, P = 0.10 MPa, d = 10 mm. Points represents experimental data and lines represents best fits.

Fig. 8 .

 8 Fig. 8. 2D electrostatic calculations of the maximum electric field ahead of the gas/liquid interface (cross section view of the tape). a: thin vapor layer of constant thickness. b: thick rounded bubble around the tape edge. c: comparison of maximum calculated electric fields Elmax with Vm = 100 kV applied on the plane electrode.

Fig. 9 .

 9 Fig. 9. Breakdown probability distributions according to Weibull for different hydrostatic pressures P and both tape polarities, with a delay Δt = 15 ms. T = 77 K, d = 10 mm.

Fig. 10 .

 10 Fig. 10. Breakdown probability distributions according to Weibull for different hydrostatic pressures P and both tape polarities, with a delay Δt = 40 ms. T = 77 K, d = 10 mm.

Fig. 11 .

 11 Fig. 11. Photographs of non-disruptive streamers in negative tape polarity. (a) T = 77 K, P = 0.20 MPa, Δt = 15 ms, Vm = 118 kV. (b) T = 65 K, P = 0.10 MPa, Δt = 40 ms, Vm = 135 kV.

Fig. 12 .

 12 Fig. 12. Box and whiskers plot of breakdown delays recorded between Vm = 135 kV and 153 kV for different pressure P. Δt = 40 ms, T = 77 K, d = 10 mm.

D

  . Influence of Temperature: Measurements at 65 K. Temperature was decreased from T = 77 K to 65 K with Δt = 40 ms, at P = 0.10 and 0.20 MPa. Once again, breakdown strongly depends on polarity.

Fig. 13 .

 13 Fig. 13. Breakdown probability distributions according to Weibull for different hydrostatic pressures P, different temperatures T, with a negative tape polarity. Δt = 40 ms, d = 10 mm.

Fig. 14 .

 14 Fig. 14. Breakdown probability distributions according to Weibull for different hydrostatic pressures P, different temperatures T, with a positive tape polarity. Δt = 40 ms, d = 10 mm.
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