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Thedynamicsof the developmenbf a subnanosecondischargan nitrogenat a pressuref 6 atmwasstudiedexperimentally
andnumerically In this experimentthe anodehada hemisphericaEhapewith a radiusof 1 cm. The cathodeconsistedof a
hemisphericabasewith aradiusof 1 cminto which the cylinderwith alengthof 3 mmanda radiusof tip curvatureof 1 mm
was screwed The lengthof the cathodeanodegapwas5 mm. The breakdownoccurredat the end of front of voltagepulse
with amplitudeof 140 kV, which was appliedto the dischargegap The averagevalue of the reducedelectricfield at the
beginningof the breakdown(the upperlimit) was43 V/(cm Torr). In the cathoderegion,it was206 V/(cm Torr). Thatis, the
magnitudeof the electricfield substantiallylower thanthat requiredby the electronrunawaycriterion [1-3]. Integraland
streakphotosof the dischargeglow were obtained It is seenthat at the beginning,the gapwasbridgedby plasmacolumn,
which turnedinto a sparklater The diameterof the sparkis approximately2 mm, which is slightly wider than a typical
channeldiameterin the streametbreakdown(0.1-1 mm) [4]. The developmenbf the plasmacolumn at the initial stageof
dischargdormationcouldbe initiated by runawayelectronswhich, asshownin [5], canbe generatedn areaf electricfield
amplificationat pressuresip to 40 atm,whenthe middle electricfield in the gapis significantlylower thantherequiredby the
runawaycriterion[1-3]. As shownin [6], the runawaycriterion canrealizein areanearof micro-tip on a cathodesurfaceata
pressuraip to 10 atm At the sametime, thedropin the potentialin the regionof the amplifiedfield nearmicro-tip allowsthe
electronto gainenergysufficientto continueof runawaymodein a weakaveragdield, from the point of view of therunaway
criterion Using a 3D model,we performeda numericalsimulationof transitioninto runawaymodeof an electronemitted
from the top of the micro-tip at the cathodeat the initial stageof the dischargedevelopmentThe Monte Carlo methodwas
usedfor modeling As a result,the spatialdistribution of the concentratiorof slow (plasma)electronsin the dischargegap,
which occurwhenthe gasis ionized by runawayelectronswas calculated Theseelectronsare the initiation pointsfor the
developmentof a multi-avalanchedischarge Multiplication of theseelectronsvia ionization leadsto the formation of a
plasmacolumnattheinitial stageof thedischargedevelopmentFurtherdevelopmenbf the sparkchanneloccurs
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JKBUBAJICHTHASl CXeMa Pa3psAHOro KoHtrypa. L-— dopmupyromas aunusa I'd; S — kmou; L—
nepenamomas 50-OmMHas koakcuajabHas JuHuMs; L, — Harpy3ounass 50-OmMHasi KoakcHaJbHasi
Junus; G — pa3psiAHbId ra3oBblii IPOMEKYTOK, BHINIOJHEHHbIN B BH/e Pa3pbiBa HEHTPAJIbLHOIO
JIEeKTPoaa KoakcHAJbHOW jguHuM; U, — Hanpstkenue 3apsaaku I'H; U, — mapawomas BoaHa
HanpskeHus; U, — HanpskeHHe Ha Pa3psAJIHOM NMPOMEKYTKe HAa CTAIMHU 3ana3IibIBaHus NMPo0os;
U; — BoJIHA Hanpsi’keHUs] B HATPY304HOM JTUHUM L,.

The equivalent circuit of discharge circuit. L.— pulse generator (PG) forming line; S — key; L,—
50-Q coaxial transmission line; L,— 50-Q load coaxial transmission line with grounded end; G —a
gas discharge gap formed as a break in the central electrode of a coaxial line; U, — the charging
voltage of the PG; U, — the incident voltage wave ; U, — voltage across the discharge gap at the
breakdown delay and the breakdown stages; U; — voltage wave in the load line L,. -
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Kongurypauus 3J1eKTPoI0B Pa3psIHOr0 MPOMEKYyTKA.

The configuration of the electrodes of the discharge gap.



0 1 2 3 tns

U, — magaomas BoJHa HanpsikeHusi; U; — BoOJIHA HanpsiKeHUs B
Harpy3ouHou JuHuM L, @Daxkruyecku BoOJHAa Hanpsokenuss U,
COOTBETCTBYET TOKY pa3psiia, aMmianTyaa koroporo 1= U,/p=1.4 kA.

U, — is the incident voltage wave; U, — is the voltage wave in the load line
L,. In fact, the voltage wave U, corresponds to the discharge current,
whose amplitude 1= U,/p=1.4 KA.
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Stationary distribution of the gain coefficient K, of the electric field in the volume of the
dischargegap (a) andalongthe cathodeanodesymmetryaxis (b) determinedoy the geometryof
thedischargegapelectrodesK, = E/E,,, where E is thelocal valueof the electricfield, E, is the
averagevalue of the field in the interval equalto E,, = U/d, where U is the voltage at the
interelectrodeyap,d is the cathodeanodedistance
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Integral(a) andstreak(b) photosof the dischargeglow (nitrogen,p=6 atm,d=5 mm). The
time scaleis linked to thetime scaleon the voltagewaveforms(seeslide 5). Thezeroof the
scaleis takenasthe momentwhenthe voltagebeginsto rise at the dischargegap IWa and
IWc aretheionizationwavesaccompanyinghe developmenof the sparkchannel
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Distribution of the electricfield gain K, in the vicinity of anideally
conductingmetal micro-tip at a cathodewith a heightof h = 10 nm.
The main graph showsthe distribution of K along the axis of the
cone (z). The vertex of the coneis takenas the origin. The insert
showsthe spatialdistributionof K in the areaof sharpdeclinenear
the roundedtip of the micro-protrusion This vertex is shownas a
darkareawith zeroK at the origin. Fromthe top of this micro-tip, a
field emissionelectronstarts,which initiatesanelectronavalanche
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Spatial distributions of slow electronsthat occurred during gas ionization by runaway
electrons,and showing different versionsof the trajectories(tracks) of the movementof

runawayelectrons Runawayelectronsstartedunderthe sameconditionsin the zoneof an

amplified electric field near micro-tip at the cathode The total gain of the electric field

K=K1xK2. The electron moving along the trajectory 4 experienceda "catastrophic
c o | | iasairesuitdf whichit abruptlychangedhe directionof movementpeganto lose
energyandleft therunawaymode
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Dynamicsof acceleratiorof runawayelectronsfor the trajectoriesshownon slide 10.
Crossesndicatethe maximumpossibleenergyvaluesfor the trajectories(indicatedby
arrows)correspondingdo the voltagebetweerthe electrodest the time of arrival of the
correspondingunawayelectronattheanode
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Dependencesf the energyof the runawayelectronson the z coordinatefor
thetrajectoriesshownonslide 10.



CONCLUSIONS

It is shown that at the initial stage of development, the discharge has a
volume form, which later turns into a spark. The contraction of the
discharge starts from the cathode and anode almost simultaneously. The
rate of development of ionization waves accompanying the development of
the spark channel is 4.2x108 cm/s. The diameter of the spark channel is
slightly larger than the typical diameter of channels formed during streamer
discharge. The volume form at the initial stage of development of discharge
IS provided by the pre-ionization of the gas by runaway electrons. The
generation of runaway electrons occurs in the zone of an amplified electric
field formed near the micro-tip at the cathode. In this case, the macro
geometry of the discharge gap does not provide the electric field
amplification to the value necessary for the implementation of the electron
runaway criterion.



