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Abstract. This paper presents an experimental study of atemwater pulsed plasma discharge in pin-to-pintelde
configuration. Time resolved refractive index-basechniques and electrical measurements have l&ésrped in order to
study the pre-breakdown and breakdown phenomenater. A single high voltage pulse with amplitudeaacdozen of kv
and duration of [0.1-1] ms is applied between tw@0 im diameter platinum tips separated by 2 mms Tiovel
experimental work reports that different cases letteical discharge in water occurs for a unique afeexperimental
conditions such as (i) bush-like channels fromdaiode that do not span the electrode gap, (Ehdike channels from the
cathode leading to breakdown and (iii) filamentatyuctures from the anode leading to a strongeakol@vn. Two
breakdown mechanisms, anode and cathode regimes blean clearly identified and related to the twingipal schools of

thoughts to explain discharge propagation in liquid

1. Introduction

Attention in the electrical breakdown in liquidsads from dielectric liquid applications such agtivoltage
transformers or switches (1-3). The study of elealischarges in water, which has higher permtftigind conductivity than
dielectric liquids, is more recent and arises ie fihame of applications such as nanomaterial sgighél-7) and
environmental applications (8-12) owing to high @extion of active species. Despite the increasitgyest in the last years,
the physical and chemical mechanisms involved @itiitiation and the propagation of the dischamyevater remain not
well understood (13-15). The main difficulties fdrte comprehension of plasma-liquid processes agendnosecond
timescale and the multiphase type of the involviednmmena, which allows only a few numbers of appate diagnostics.
Whereas the interpretation of optical emission spscopy results remains sensitive (16-18), timslked refractive index-
based techniques and electrical measurements avenkio be reliable and complementary diagnostidaénfield of plasma-

liquid (1, 15, 19).

The literature highlights two theories to explamnedkdown in liquid: the low density region theorii@ve a gas phase is

precursor to the avalanche process and the dimgzdt ionization model in the liquid state itselfieh results in a charge
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carrier multiplication (20-23). Although recent dies have demonstrated the possibility of direettebn impact ionization
of water using very short voltage pulses (24, 25)st experimental results have evidenced that lemsidy regions are

necessary to make the electron multiplication pmbegil5, 23, 26, 27).

Pulsed electrical discharge using mainly pin-taaplalectrodes configuration has been widely stuidiedineral oil first
(28-32). These reference works provide first fezguof pre-breakdown and breakdown in liquids. Gaseaannels (also
called streamers by analogy with gas dischargegldpvcontinuously and discharges occur within tlas ghase. The
streamers are characterized by different structacesrding to the polarity: negative streamers Widce slow and bushy
emanate from the point cathode and positive streamiich are filamentary and fast develop from pwént anode.
Different modes (4 cathode modes and 3 anode mdde® been identified regarding the velocity anel shape of the
streamers (28). The shape of the streamers infaimosit the degree of non-equilibrium between theaster and the
surrounding liquid . The spherical shape of posistreamer corresponds to a quasi-equilibrium arilile bush-like negative
streamers (15). The transition between modes wadyabserved by changing the experimental condgje.g the applied

voltage, but two modes can also appear randomls fyiven voltage (15, 33).

In the same way, first investigations of underwatalsed discharge have been widely performed usiegpin-to-plane

electrode configuration (15, 21, 23, 24, 34-41).d%served for dielectric liquid, the applied vokagolarity leads to very
different discharges. Positive streamers have beme studied than negative ones because of thvearlbreakdown voltage
(42). These investigations do not converge on gueidescription of the discharge propagation inewbaecause of the
influence of numerous parametd®3). For example at low conductivity (0.05 uS/ctwo types of positive streamers in
water have been observed by varying the appliethge(36, 43) whereas at higher conductivity (5 puS/ctimee distinct

forms of discharge development have been monitdoedvarious voltages. Without claiming to be exhaues other

electrodes configuration have been more rarelyrtedoElectrical discharge in water between platptate electrodes has
been studied but this configuration, involving alelectric field, requires assistance such as shale or nitrogen bubble
injection (44, 45). Study of pin-to-wire configui@t has reported three modes (bubble, bush-liketredlike) with different

sizes and dynamic behaviors according to the deggbsinergy (25, 33). Two types of pulsed coronahdigge have been
investigated using pin-to-plate and coaxial elat#mo(11, 46). Lastly, pin-to-pin discharge in liquid shkbeen used to
synthesize nanoparticles involving two differenemgion regimes, a glow discharge and an arc digeh&y changing the
applied voltage (47, 48). Recently, several expenits of pin-to-pin discharges using bubbles in whtve been reported

(49-51). These systems present some interestingnéatyes as a reduction of the energy consumptidradarger contact



area but they involve more complex set-ups to abgias circulation and bubble sizing. It is worttting that the addition of
gaseous bubbles to pin-to-pin discharges involkengtmodifications of the system since the eledteid intensity required
to initiate the breakdown is much lower in gas thmalquid. In these conditions, the ignition oftdischarge is controlled by

the gas phase.

Possible physical mechanisms involved in streaniBation and propagation in water have been dedjggussed in (23, 26,
27) concluding that discharges in liquid require ldensity localized regions. The creation of theggons,i.e. the streamer
initiation, comes from vaporization, molecular disgtion or mechanical movements. Furthermore ger#scussion looks
after the polarity effect observed on asymmetriongetries such as pin-to-plane electrode configomatExperimentally the
comparison between positive and negative streagheas that positive streamers are created eaalierfaster and show a
filamentary structure whereas the negative stresrappear later, are slower and present a bushgtwteu These studies
have mostly focused on the pre-breakdown phenorsieoaing that the propagation modes of the dischstrpagly depend

on experimental conditions, especially the elearoanfiguration, the liquid composition and the laggbvoltage.

The complete understanding of discharge mechanisriguids requires more experimental observationgarticular
involving new experimental conditions such as tleeteode geometry, the electric field or the ligamhductivity. It is worth
noting that the literature does not report a detb@dxperimental study of pin-to-pin discharges &tex. Furthermore previous
studies used to work with repeated pulse regimin@fdischarge which involves strong modificationghe liquid such as
bubbles formation, liquid composition, hydrodynaneiffects and shock wave. As a consequence, theg studepeated
pulses regime, even at low frequency, implies thatinitial conditions of the system are differémt each pulse. Lastly most
works have carried out measurements on successeaers using variable delay to reconstruct time tevolution of the
discharge (24, 39, 40). This approach gives a dimoe resolution (ns) but involves experimental uteiaties because the
electrical discharge structure is not perfectlyrogjpicible from one discharge to another. As a cgueece, it is necessary to
perform time-resolved measurements on a singleepdilcharge in order to maintain constant theahibnditions of the

experiments, ensuring a higher reproducibility, &mdorrelate the different parameters measurea discharge.

This work presents the study of single pulse dkmdtdischarges in water with pin-to-pin electrodesfiguration. New
experimental results aims at describing differeistitrge regimes in order to describe, understadtlhen master the
process. In this paper, we report synchronized oreasents on a single discharge using both timeiredooptical
techniques (schlieren imaging and shadowgraphy)etextrical measurements which are useful complémngnliagnostics
allowing valuable investigation of both the preditdown and the breakdown stages. The experimeettaipsis presented;

then the results obtained by time-resolved optieahniques are described. The following sectiorppses a quantitative



time analysis of the electrical signal. The lagitism presents a discussion based on compariserebstthe results of both

diagnostics and helped with works on point-to-plgaemetry.

2. Experimental set-up

The test cell consists of a 100-mm-long, 45-mm-vdadd 50-mm-higlpolymethyl methacrylatblock containing two fused
silica windows (Fig.1). Both electrodes are 100 diameter platinum wires encapsulated in a dieleatdpillary tube,
except for the 0.5 mm-long tip. They are placeé ihorizontal pin-to-pin configuration with a gapstdince of 2 mm. The
pulse generator consists of a 1 nF capacitor cdargea 30 kV high voltage power supply (UltravoltA24-P30) through a
ballast resistor of 30¢k and discharged by a fast high voltage solid-satiech (Behlke HTS 301-03-GSM). Positive high
voltages mono-pulses with rise time of about 30aadgstable duration from 100 ps to 1 ms and aogsitfrom 6 to 14 kV
are produced. The electrical measurements areethigsing a Tektronikigh voltage probe connected to the high voltage
electrode and a coaxial current shunt (R =Q)0connected to the low potential electrode. Both aligrare recorded
simultaneously with a 1 GHz Oscilloscope (Lecroy®®104). The electrical connections as well as tiobgs are armored
by flexible tubes and shielding boxes in order iaimize the parasitic nois@). Regarding the optical diagnostics, a 300 W
Xenon light source is focused by a condensing gdersystem on to a slit and then brought to alphtsdam by a 100 mm
focal lens to pass through the test cell. The ligtihen refocused by a 250 mm lens, in the pldrzekmife edge for schlieren
measurements, while the region of interest of &isé ¢ell (interelectrode gap) is focused by a 200 lens on the sensor of a
high speed camera (Phantom V1210). Videos have tmmmded using two different parameter sets: gosxre time of
0.91 us and a widescreen resolution of 128x32 piwdlich allows 571 500 frames per second; an expdsue of 0.56 us
with a widescreen resolution of 128x128 pixels whitlows 240 600 frames per second. It is worthingothat the camera
allows monitoring both variation of the refractiirdex and strong light emissions. The experimergsewperformed in a

mixture of de-ionized water and sodium chlorideider to keep the conductivity constansai00 pS/cm.

Special attention was paid to maintain constanirthiel conditions of the discharge, in particuthe time between two
measurements was high enough to avoid residuallésiblloreover hundreds of measurements have beeedaut for
each experimental condition in order to ensuradpeoducibility of the observed phenomena and awige reliable analysis
of the results. Furthermore we specify that the itooing of the results do not present any time atioh which could be due

to experimental set-up modifications such as strangifications of the electrodes.
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FIG. 1. Schematic diagram (top view) of experimaéapparatus showing pulsed power supply, test@elttrical probes and schlieren
setup (same set up for shadowgraphy except the kdije)

3. Dischar ge description

Density gradients of a transparent medium are mdele by optical techniques as schlieren and shadaphy thanks to
small changes in the index of refraction of thedfl(52). Refraction effects initiated by pulsedatliarge in liquid can be due
to region of low density or channels filled withsgé23, 53). Refractive index techniques mainly imecqualitative analysis
of the phenomena. In this study the use of botd®hgraphy and schlieren provides complementaryltsesinich constitute
a reliable indicator of phase change. Moreoverriten to improve the sensitivity of the techniquasyery intense light

source is used which makes it impossible to detessible low emission, only very strong emissicas be observed.

Considering all experimental results of this watiree different cases of discharge have been fashtand described by
time-resolved refractive index-based technique® ifteresting features of each case are showngr2FIt is worth noting
that different cases can be observed for a uniguefsexperimental conditions. A statistical anayshows that for 9 kV 5%

of case 1 and 95% of case 2 have been monitoretbad@ kV 90% of case 2 and 10% of case 3 have bbserved.

Cases 1 and 2 show bush-like structures that peapdgpm the cathode to the anode whereas caspi@gla filamentary
structure that emerges from the anode. In casegl &), few microseconds after the voltage pulee, variations of the
refractive index are observed at both electrode (fjppm 3.5 t043.75us). These regions, cone-shaped at the catmtle
spherical at the anode, highlight low variationgha# fluid density. Then after a time of about adined of microseconds,

bush-like dark channels are forming principallytla cathode (starting @ 96.25us). These channelst probably filled
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with gas resulting from the vaporization of the @rafpropagate slowly towards the anode but do pan $he interelectrode
gap (@ 126ps). This case is called partial eleadtdischarge (22). The propagation of the chanifneta the cathode is slow
(v1,.=5 m/s), lasts during less than 100 ps and thertsasainly in bubbles and convective motion of fhud (not shown

in Fig.2).

In case 2 (Fig. 2b for 9kV and Fig.2c for 12kV)itied variations of the fluid density can also beserved at each electrode
tip but the dark channels appear more rapidlyeatctdthode (@ 14ps on Fig 2b and @ 7us on Fig 2ca alark phase is also
present at the anode. Whereas the dark phase antue expands more spherically and slowly, §d45 m/s), channels
propagate from the cathode (to the anode) withshystructure and a higher velocity than in cage,450 m/s). Channels
cross the interelectrode gap being either not lestgant (@ 42 ps on Fig 2b) or luminescent (@ 18<26n Fig 2c¢) which
leads to the breakdown phenomena. As a conseqaenicgense light is emitted from the dark region Z@&pus on Fig 2c)
which suggests that a strong excitation occurst fex dark region expands in a spherical shapel(m/s) and contracts
several times (oscillations, not shown on Fig 2Jldwing the breakdown phenomena, one, two or tsem®ndary emissions
can be observed in the dark phase (@ 126 us oBcficAs a consequence we define for each experithenhumber of
breakdowns generated by a single discharge (fromd). and the time position (rank) of the breakdda® 2, 3¢ or 4"). A
statistical analysis shows that for 9 kV 70% ofctierges involve 1 breakdown and 30% of dischargesihie 2
breakdowns; for 12 kV discharges correspondingage are shared between 2, 3 and 4 breakdow38&qt59% and 17%

respectively.

Regarding case 3 (Fig.2d), a filamentary structoittates and propagates from the anode towardc#iteode at a higher
velocity (w>400 m/s, only a low threshold can be measuredusecaf the camera properties) (@ 3.5us). Contacase 1
and case 2, no dark region has been observed eatihede before the channel spans the gap. Thigséseemains sensitive
since the characteristic time of the phenomené#oisedo the time resolution of the camera (1.75 Light emission can be
observed during the propagation of the channels angry intense emission is produced when the élatspans the
interelectrode gap (@5.25us). Upon the breakdovem@imena, a circular shock wave is produced propapgatvay the gap
(not shown in Fig.2d). Several secondary emissgystematically occure(g. @ 22.75us) and the dark phase expands
spherically (vww10m/s). A region of low refractive index appearghe center of the dark phase which indicates ltmal
pressure due to the expansion (from 42 to 126As)iscussed previously, these low refractive indegions cannot be

mistaken with low emission, this result has beenfiomed by time-resolved optical emission measumsgto be



published). Then the dark volume decreases andouhepl which results in a new shock wave formatiast §hown in

Fig.2d).

(a) Case(1) —9kv  (b)Case(2) —9kV  (c)Case(2)—12kv  (d)Case(3) — 12kV
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FIG. 2. Time resolved schlieren measurementspifido-pin discharge obtained in wate=(00uS/cm) for 9kV and 12 kV - the voltage
pulse duration equals 1 ms and the camera resefudi® 128x32 pixels aid=1.75 ps.

4. Electrical signals

In Fig. 3 typical traces of the time evolution bétvoltage and the current monitored for the tlogses are shown for a pulse
duration of 500 pg-ollowing the pulse (rise time of about 30 rig voltage decreases slowly when the current &sa® up

to 100 mA during first microseconds. The very begig of the discharge (<15 us) is similar for ates.

Then for case 1 the signals show three consecsdigaences (Fig.3a): (1) low variations of the eiegl signals, the voltage
continues decreasing close to an exponential amctuihrent is about one hundred of milliamps befdeereasing slowly;

(2) after about 100 ps, voltage signal shows aesldpange and a transient current showing rapidnaliee positive and
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negative values overlaps the slowly varying curré3i finally both the voltage and the current sitgndecrease slowlyhe
global shape of the electrical signals is very Eimio the characteristic voltage and current saaeRLC circuit with an
overdamped response. As a consequence we defiaetbtlly varying current aBLC currentand the alternative current as

atransient current.

Regarding case 2, from about 15 us the voltageakiggcays faster (than case 1) and the currentfaameshows a high
transient current (Fig.3). Then the capacitor basn#lischarged suddenly by the breakdown phenombaeacterized by a
voltage drop of few kV and simultaneously a peakrent of more than 20 amps. Next, large pulse turaallows the
capacitor to charge again and the voltage incresleedy with a RC time constant equalte30us. Afterwards either (i) the
voltage signal decays with the current close t@ ZEig. 3a) or (ii) one or more additional breakaophenomena occur (2
additional breakdowns are shown on Fig. 3b). fbigotice that no transient current has been recbbéfore secondary peak
currents. Fig.4 presents a magnification of theentrtrace of CASE 2 from Fig.3b where RLC curréransient current and

breakdown current peaks are clearly identified.

For case 3 the breakdown phenomena happens fasterfdr case 2 and no transient current but ordyRhC current
appears during the pre-breakdown (see insert in38Yy After the first capacitor discharge, sevenatcessive breakdown

phenomena occur @dditional breakdowns are shown on Fig. Bl similar way of case 2.

It is noted that, for cases 2 and 3, the breakdesltage drops to a value around 1 kV for the fimgakdown and 100 V for
secondary breakdowns because of the resistandee afhiannels that is estimated at about 100x56m the electrical

traces for every breakdown.
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FIG. 3. Voltage and current signals of a pin-to-gischarge in wates€100S/cm) monitored for applied voltages of (aY @kd
(b) 12kV. The inserts corresponds to zoom of thaals.
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FIG. 4. Magnification of the current signal of tBASE 2 typical trace presented on Fig.3(b)

From these first analyses, two particular regiohsterest have been identified as the pre-breakdand the breakdown.
The charge transferred to the liquid can be esdthdity either the voltage drop at the measuremeguacitar C=10 nF
(@ = €. AU) or by the integration of the current peak onribgion of interestq = [ I.dt). We have estimated the charges
involved during the pre-breakdown and the breakdasing these two definitions and the results shewy good agreement
within 10% of discrepancy between the two methddwe average values of charges are summarized il Téfe have
noticed that the charge transferred during thebpeakdown is mainly due to the RLC current, thetdbuation of the
transient current is negligible. Tab.1 shows that distribution of the initial amount of the chaiigé pre-breakdown and
breakdown depends on the case. For case 3 5% afitia charge is transferred during the pre-bgakn whereas pre-
breakdown of case 2 involves at least 30%. Furtbegnior case 2 we observe a correlation betweenntimber of
breakdowns and the charge distribution. When léssge is transferred during the pre-breakdown, ghdri amount of
charge is involved in the breakdown which inducekigher excitation/ionization of the species andnttfavors more
additional breakdowns. The total charge transfeteethe liquid during the first breakdown is eqtmlthe addition of the
pre-breakdown and breakdown charges (values inibdldb.1). We observed that, whatever the expenrinike total charge
does not equal the initial charge, the differeneimdp about 1 uC. This result is in agreement withdbservations on voltage

traces regarding the minimum value of about 1k\thea following the first breakdown.



The charges transferred during secondary breakd@ammslso reported in Tab.1. We note that neitherdase nor the

number of breakdowns have an influence on the ehaimrce second breakdowns involve about 2 pC amadtther ones

about 1uC.
Initial Charge Case 2 Case 3
(Applied Voltage) 18k 2 Bk 3 Bk 4Bk
Pre-Bk 4 3.2
8uc (Okv) Bk 3.4 3.8 1.6
Total 7.4 7
Pre-Bk 3.9 3.4 2.9 0.5
108uC (12kv) - 7o, 62 | 2166 2211 | 7 |2 1| 1 |93]|17]|08]07
Total 10.1 10 9.9 9.8

Tab.1 Mean values of charge (in pC) transferrethduthe pre-breakdown (Pre-Bk) and the breakdovwk) é8cording to the applied
voltage (9 & 12 kV), the case and the number ofkdewns. First breakdown charges are written i bol

5. Comments of theresults

The comparison of time resolved optical imaging alettric measurements allows a detailed descritfdhe initiation and
the propagation of the discharge in water. Botlyuiistics have identified three cases for pin-togiactrical discharge in
water. Among them, we can highlight 2 differentinegs which are very similar to results observed dimcharges in
dielectric liquids using a point-to-plane geomef¥). But these two regimes have been distinguistesgite the fact that all
the parameters are kept constant whereas previodies have shown that the breakdown scenariaindiis driven by the
experimental conditions as the applied voltage pibiarity or the pulse duration. In particular fin-to-plane geometry, the
polarity has a strong influence on initiation mewkens and propagation of streamers (23, 26, 27,131 present case 1 and
case 2 show common features with the point-to-ptatkode regime in which the heating by Joule éttsds to the liquid
vaporization forming bush-like channels at the adthand to the apparition of a transient curreateC3 of this work shares
peculiarities with the point-to-plane anode regimewhich the channels propagate faster and fromathede, neither
vaporization nor transient current has been obsedering the pre-breakdown but a continuous curréhe effect of the
polarity is explained because of the differenceniobilities between electrons and ions (23, 26, ZHe initiation
mechanisms at the electrodes tip involve differdmrge transport: the initiation of positive streasis related to field
assisted ionic dissociation and involves ionic $port whereas the initiation of negative streantsrd-owler-Nordheim
electron emission involves electron transport.ak been pointed out that positive streamers amebitause of low mobility

of ions whereas negative streamers are bushieubeaa the higher diffusion and mobility of the atfens. This charge
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dilution effect has also a consequence on the déafay of streamers since more time is necessarnpdgative streamer to
appear. Furthermore the negative streamer propagatiich depends on electrons drift is slower ttienpositive streamers
propagation since in the latter case the low iorbilitg involves a local field enhancement at theeatmer head which
exponentially enhances the rate of field ionizatiémally, the luminosity of positive streamers higgher because the
probability of radiative recombination is higher fmechanisms involving electrons flowing back ie fdlament where ions

density is important than for electrons produceaégative streamers and recombining with ions éntilk.

By analogy the two regimes described in this woskealledcathode regimeincluding case 1 and case 2, ambde regime

for case 3, even if the polarity has not been chdng

Pre-breakdown phase

Regarding the cathode regime, two characteristiesi of the pre-breakdown have been defined. Oorikehand the delay
time is defined as the time needed for the appearafthe dark phase on the refractive index imag@ilustrated in Fig.2b)

as well as the time corresponding to the beginwinthe transient current on the electrical sigsalglience 1 in Fig.3). On
the other hand the duration corresponds to thetidaraf the transient current (TC duration) meaduwse the electrical trace
(sequence 2 in Fig.3) and the duration of the gdadse expansion estimated from imaging (illustraelig. 2b). Average

values have been estimated from dozen of expergrntied out in same experimental conditions. Miean delay time and
the mean duration are reported on Fig. 5. The draos are used to represent the dispersion ofethdts obtained in same

conditions since the uncertainties defined by @hesgivity of the detectors are lower.

The agreement between the measurements obtainedetit diagnostics is very good. We observe thatridinsient current
appears with the dark phase and exists as longisaphase is produced at the cathode. This caoelatiggests that, as in
pin-to-point configuration, the RLC current invosséhe formation of a gas phase (dark phase) wheaeged species are
produced. The delay time of vaporization dependthercase since the time needed for the gas pbasggpear in case 1 is
about 100 us whereas it is close to 10 us in ca3éeén for case 1 the mean delay time is aboutite@s higher than in
case 2. In term of energy, defined as the curretisge product integrated over the time, we als@mialthis factor of ten,

with an energy deposited over the delay time etuabout 30 mJ in case 1 and 3 mJ in case 2, sigasurements of the
RLC current show same results for both cases. Tdittspugh the initiation and the propagation me@ras observed by
imaging look similar, we report a high variationtbé deposited energy measured at the very begjrofithe vaporization.

As a consequence the formation of the gas phaseotde explained by the only Joule effect if we gidar that initial

conditions are identical between case 1 and cagstler other additional processes are involvedhin initiation of the
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vaporization (as Fowler-Nordheim electron emission)the initial micro-properties of the fluid areora different than

expected (as micro-bubbles presence) (26).

Moreover we report on Fig. 5 that for case 1 tlaagrent current duration is about 65 ps whereemniyes between 10 and

35 us for case 2. It means that the channels patipags faster for case 2 than for case 1.

The comparison between case 1 (no breakdown) asel 2albreakdown) aims to identify the condition®wing the
breakdown. For case 1 when the vaporization octiuesyoltage has significantly decreased and thetrét field is not high
enough to sustain the discharge, the channel patipagis slow and no breakdown occurs. The iniiatof the gas phase
plays an important role on the time evolution of ttischarge. For the cathode regime the voltageinestto initiate the
streamer is lower than the voltage required forpitspagation to breakdown: the propagation mechaisontrol the
breakdown. On the contrary, for the anode regineryestreamer leads to breakdown so the initiati@chanisms control

the first breakdown (15, 29).

"Moreover, the anode regime (case 3) does not snowtransient current or dark phase at the cathhoieg the pre-
breakdown. This concordance demonstrates that s@oga phase has been formed at the cathode doemge-breakdown
of case(3). Furthermore it is to notice that nmsrant current has been monitored before secortutagkdowns of case 2
and case 3. These breakdowns occur in a gas phasalteady exists which suggests that the trahsiement is not

characteristic of the gas ionization but of theuiliqvaporization process at the cathode.

The RLC current of case 3 is very similar to theamwements of the cathode regime but on a shaeterdowhich leads to a
lower pre-breakdown charge (Tab.1). Following tinst breakdown, up to 3 additional breakdowns caddur for cathode
regime whereas several additional breakdowns syteailly occur for anode regime. The anode regisneare efficient to

transfer charges during the breakdown process whkglits in higher gas excitation and then eagisrg-excitation.
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Fig 5 Delay time and duration of transient curremtd gas phase formation measured using the cutranés (filled symbols) and time-
resolved refractive index-based techniques (openbsis) - the symbols represent the mean value decbfor same experimental
conditions and the bars indicates the dispersiothef measurements. The symbol shape informs abeubtal number of breakdowns
occurring during the discharge.

Breakdown process

As explained previously, only experiments of cagea&®hode regime) and case 3 (anode regime) aotviery in this section.
When the gas channels span the interelectrodeagaiph current peak is recorded. The current cpomds to high electron
flux in the gas channel that causes the high dimitaof the molecules which results in a strong s=ioin. The pre-
breakdown duration is defined as the time for thentels to span the gap. On imaging measurembigginhe corresponds
to the connection of the gas phases arisen froral#otrodes and/or the emission of visible light. &ectrical measurements
this time corresponds to the voltage drop (or curqgeak). We point out that the pre-breakdown daomabf case 2

corresponds to the sum of the delay time and tihatidm of the transient current (shown in Fig. 4).

After the first breakdown, the gas phase betweeretbctrodes expands due to pressure effect anchpfaeitor loads again
because of the large pulse duration. Then botldéueease of the pressure of the gas phase anddtease of the voltage
can lead to secondary breakdowns (as predictechéyPaschen curve approach for homogeneous eléeldy. These
phenomena result in new current peaks and lighssions. Therefore by extension, pre-breakdown uratan also be
estimated for these secondary breakdowns consglérntime of each secondary emissions to occuetfwdbserved) and
the corresponding time of voltage drop (or curqeeek). Measurements of pre-breakdown duration baea performed for
case 2 and case 3 using the two methods and thiésrase shown in Fig 6a. The agreement is veryddmiween electrical
and imaging measurements confirming that the lightission, the voltage breakdown and the currenk pmecur
simultaneously. For case 2 the experiments have Hestinguished according to the number of breakdowuring the

discharge (from 1 to 4) whereas results of case 8ad present such a degree of details.

The results of case 2 show that the number of bi@aks increases when the pre-breakdown duratidmedfirst breakdown
decreases. That is consistent with the discusdiontahe effect of the transferred charge (Talitl¥ interesting to notice
that the pre-breakdown duration of secondary breakd also decreases when the number of breakdomansases.
Moreover first pre-breakdown duration of casex®(us) is lower than those of case 2 (>10us) winidans that the
initiation and/or propagation mechanisms involve@dmnode regime are faster than in cathode regime& @onsequence, high

propagation velocity of the channels involves artgrdotal duration of the RLC current, so a lowee-breakdown charge.
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Therefore as already mentioned, higher chargaissterred during the breakdown which leads to hdrigxcitation of the

medium and then more and faster secondary brealkgiown

N
a
=}

T T T 12 T T T T T

2" 3% 4" Breakdown

Case 2-9kV

H T
Case 2 - 12 kV|

R ¥ 2

g i § Case 3 - 12kV ”/’ - i

T T
B Electrical measurements
O Imaging measurements
1 2™ 39 4" Breakdowns 10

e Case(2)
H 0 A o
1504 |0 @ A @ Case®d) N 4
100 } S~ N ]
~ ~ 3
Q

Number of breakdowns Current peak (A)
(a) (b)

N
=1
=]
1
!

©
!
b2 22 TX

Breakdown Volatge (kV)

Pre-breakdown duration (pus)
1
7/

o
1
!

o
=
N
w
IS
(@]
Y

7

@

w
=3

50 60

Fig 6 (a) Pre-lreakdown duration according to number of breakdoand case, measured at U=12kV using the electtigales (filled
symbols) and time-resolved refractive index-basetiniqgues (open symbols) - the symbols represenntdan value recorded for same
experimental conditions and the bars indicates dispersion of the measurements (b) Breakdown weltxrording to current peak
measured at U=9kV (small symbols) and U=12kV (lssgmbols).

The equivalent electrical circuit of a liquid usedbe defined as a resistance in parallel withgac#or, the inductance is not
considered. The Maxwell relaxation time=§/c) allows to identify the resistive or capacitivehbgior of the liquid. The
water conductivity (100 uS/cm) involves a relaxattome of 70 ns that is less than the propagaiioe (several us) which
indicates a resistive behavior of the liquid durthg discharge (15, 38). As a consequence the thogakcurrent-voltage (I-
V) characteristic represents an interesting todlighlight the discharge regimes. Fig 6(b) showes liheakdown voltage in

relation with the peak current for two applied agiés (9 and 12 kV). The measurements can be diintethree groups:

(a) First breakdowns of case 3 are lined up alohgrezontal line satisfying the equation Uz®&here E equals about 10 kV.

In this configuration, the voltage remains cons{afiDkV) and the current values are high, rangin@$5] A.

(b) First breakdowns of case 2 show high voltag® {@/) and high current (20-45 A). These measurdmenre lined up
along a straight line not passing through the origihe experiments satisfy the equation Y&R E, with R,=150Q and E a

threshold voltage equals to 1.3 kV. The numbere&kdowns seems to have an influence for 9 kV bufor 12 kV.

(c) Secondary breakdowns of cases 2 and 3 (unfilienbols) are defined by lower values of voltagak{®) and current
(<20A). The electric signal measurements corresipgnt the 2, 3% and 4' breakdowns are lined up along a straight line
parallel to the previous one but passing throughattigin. The experiments satisfy the equation UrRith R,~150Q. The

number of breakdowns does not have a significafiidnce on the current-voltage function. Howevee tlank of the
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breakdown has an influence since the couple cuu@ittge decreases when the rank increases. Thesksrare consistent

with the value of the charge presented in Tab.1.

On the one hand, these results suggest that mechsnesponsible for secondary breakdowns are simif@tever the
regime. The secondary breakdowns result from elestflow in the gas phase that has been previdosiyed by the T
breakdown. The resistancg @50Q) is then a characteristic of the electrical prtipsrof the gas phase. It means that the 1
breakdown of the two regimes leads to the creatiba gas phase with comparable properties (comippsipressure,
temperature). The charge of the capacitor is dtedas so the mechanisms associated to secondeggrsers propagation

are the same.

On the other hand, the breakdown current-voltafy§ lharacteristic suggests different mechanisrepaasible for the first
breakdown according to the regime. The slope oflthg characteristic for first breakdowns of cases the same that those
of secondary breakdowns R ~150Q). We can conclude that the current peak of casedRe to charges transfer in a gas
phase. This result confirms the formation of a ghase prior to the first breakdown in the framecathode regime.
However, the intercept of the line is different.n@ary to secondary breakdowns, the (I/V) charéstierof first breakdowns
shows a threshold voltage (1.3 kV). This value lbanelated to the vaporization necessary for tts¢ fireakdown, and so it

is characteristic to the liquid properties.

The slope of the (I/V) characteristic for first Bkelowns of case 3 is different to the previous dieen we cannot conclude
about any vaporization process related to the amedine. The results show that a threshold voltaigabout 10 kV is
required to initiate the first breakdown. It conis that for the anode regime every streamer leadgdakdown so the
initiation controls the first breakdown. Whereas olgserved a variation in the current peak valuen{fi35 to 55 A), the

charge is constart@uF). It involves variations in current propagatibat can be due to inhomogeneity in the liquidggha

Results presented in Fig.6 confirm that initiatiamd propagation mechanisms of cathode and anodmeaegvolve very
different processes. The cathode regime requiresfdimation of a gas phase before the propagatfothed streamers

whereas no presence of vaporization at the cathasi®een evidenced for the anode regime.

Conclusion

Number of studies have looked after pre-breakdomeh treakdown phenomena in water but most of theve liealt

with pin-to-plane configuration or with bubble atance. These studies have highlighted differeginres of discharge

15



propagation that are strongly related to the expenial conditionsg.g.polarity). Due to this strong correlation, a studya
new configuration, as proposed in this paper (pHpit discharge without bubble), is of great instr& he comparison of the
results obtained with different configurations &ry helpful to make progress on the understandinyacesses. This work
has provided new experimental insights into plasiqad physics by reporting the study of pin-to-pinderwater discharges
by the confrontation of optical diagnostics andcieal measurements. Time resolved measurements theen carried out
on a single discharge thanks to high speed deteliis approach is especially important when coeréig) the results of this
work which show that different types of discharges exist for same experimental conditions. Thigial paper has
shown that despite unique set of experimental ¢mmdi, the pin-to-pin discharge in water propagatesording to three
cases and two different regimes: cathode regimth (and without breakdown) and anode regime. Boghlpeakdown and
breakdown phenomena have been studied.

Concerning the pre-breakdown, the results haveircoad that the instantaneous power is the saméh®three cases
but the energy and the charge change. The prediweakRLC current is about 100 mA for all the caard is monitored
before the gas phase apparition. As a consequeacamvstate that this current is a characteri$tibeocharge transfer in the
liquid phase. The characteristic times evolutionvexy different for the 2 regimes highlighting difént initiation
mechanisms. The cathode and anode regimes shovsihighrities with negative and positive dischargesained by a pin-
to-plane configuration. But unlike positive streasm&vhich show a lower breakdown voltage than negasireamer, the
anode regime involves higher breakdown voltage tharcathode regime. For cathode regime, the foomatf low density
regions in the liquid due to Joule effect, resgjtin transient current play an important role ia treakdown process. On the
contrary, the anode regime, which does not shdweeiransient signal or gas phase at the cathsdelated to field assisted
ionic dissociation. Regarding the cathode regintes time analysis of the transient current highbgithat a faster
vaporization favors the breakdown, and the propagahechanisms control the breakdown.

In case of breakdown, secondary breakdowns phermianbe observed due to long pulse duration, Gpatditional
breakdowns could occur for cathode regime wherewasral additional breakdowns systematically ocouranode regime.
For cathode regime, we have shown a correlatiowdst the charge and the number of breakdowns. Wdssncharge is
transferred during the pre-breakdown, a higher amhofi charge is involved in the breakdown whichuoés a higher
excitation/ionization of the species and then favrore additional breakdowns. The breakdown voltgg the current
peak, represented on the (I/V) characteristic, ide@wery interesting insights for the dischargeimegstudy. The results
confirm the theory that for cathode regime low dign®gion is necessary for the electron propagationtrary to the anode

regime.
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Although the present analysis of the pre-breakdpivanomena is limited by the time resolution of teices, this
paper provides strong evidence of two regimes sttdirge for underwater pin-to-pin discharge. It lb@sn established that
different types of discharges can exist for samgegrental conditions. The parameters behind thierences remain
difficult to identify so new experimental resultsddor numerical modeling are necessary to furtmefeustand the involved

mechanisms responsible for the different casesrobde
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