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ABSTRACT: Pictures show that streamer or sprite discharger@ia emerging from the same electrode or
position sometimes seem to reconnect or merge thamgh their heads carry electric charge of theesam
polarity; one might therefore suspect that recotioes are an artifact of the two-dimensional pragactin the
pictures. We have used stereo-photography of lafgrescale streamer discharges to investigate tiie f
three-dimensional structure of such events. Weyanaleconnection, possibly an electrostatic effieathich a
late thin streamer reconnects to an earlier thiokaser channel, and merging, a suggested phoizaiom
effect in which two simultaneously propagating atner heads merge into one new streamer. We alsstigate
the branching lengths and angles in the 3D streamerstructures.

1 INTRODUCTION

Streamers penetrate into undervolted gaps dueattesgharges and local field enhancement at thaotishg=bert
et al, 2006]; frequently they break up into shapasinding trees with many branches. Sprite streanmer
transient luminous events are related to streamtestandard temperature and pressure through sigpilaws
[Pasko 2007; Ebert et al., 2010]. Streamer branstiesching out from the same electrode carry lubaages of
equal polarity and repel each other electrostdgic@ln the other hand, streamers and leaders engefgim
oppositely charged electrodes carry opposite héemages; therefore when propagating towards the o
electrode, they attract each other electrostayiald connect; this is seen, e.g. in the count@elsastretching
from tall structures upwards towards an approachgigning leader.

However, there are recent observations [Brielslet2906; Cummer et al., 2006; Grabowski et al.020
Winands et al., 2006] that seem to violate thisesoér streamer or sprite channels emerging fromséme
polarity electrode or atmospheric region do notetegach other, but they seem to merge or reconiéetse
events were imaged with normal photography, i.ea two-dimensional projection of the full three-@insional
event. Therefore it is impossible to determine fritve figures whether two streamer branches realljoth, or
whether they pass behind each other, and only tdtéstical analysis of many pictures can lead tohsa
conclusion. However, the true three-dimensionalnevean be reconstructed from stereo photographye,He
stereo photography is applied to several situatidmsre streamers appear to reconnect or merge.

Another largely unexplored issue in streamer reseés the breakup of single channels. Up to novy ¢ime
conditions of the first branching event have beesolved in microscopic models. On the other hahd, t
distribution of branching lengths and angles isragredient of models for the branching tree ondarscales.
Therefore branching lengths and angles are heesfigated through stereo-photography as well.

2 EXPERIMENTAL APPROACH

All experiments presented here have been perfoimachbient air with a cathode-anode gap of 40 @r rivn.
We use the electric circuit called the C-supphatee in [Briels 2006]. In this set-up a capacitercharged
negatively with a DC power supply. This capaci®ithen discharged by means of a spark-gap switdgbhwh
results in a voltage pulse on a pointed tip or wirth a risetime of about 20 ns, a maximum voltagéveen 6
and 55 kV and a decay time of a few microsecondsogitive corona discharge then propagates fronméleglle
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or wire to the grounded plate.

The corona discharge produced by the circuit isgmdaonto an

intensified CCD-camera (Stanford Computer OpticuidiE).

We have implemented a stereo-photography methodchwh

makes it possible to image streamer dischargesDinI3 this

way, we resolve the imaging ambiguities in the famental

physical phenomena, help understanding which gasnas are

actually treated by the discharge, and supply éxpanal data

for larger scale models [Nijdam, 2008].

One camera has been used in combination with tigmprand Figure 1. Schematic overview of the

two flat mirrors as shown in figure 1. With thig-sg two images  SIEr€0SCOpiC measurement set-up with the
) o two image paths indicated.

from different viewing angles are captured on camera frame;

therefore they are perfectly synchronized in tifi@mm the two images, we reconstruct the 3D strectidrthe

original discharge. Four different anode geomethase been used: a single tip, symmetrical douiplg, t

asymmetrical double protrusions from a plane andre. All experiments were done in a 40 mm gap epxdor

the branching angle measurements, where a 140 mwagsused.

3 EARLIER OBSERVATIONSAND RESULTSOF 3D RECONSTRUCTION

3.1 Streamer branching

We have measured streamer branching in ambiesatt @ifferent pressures (200, 565 and 1000 mbarhdse
measurements, a positive voltage pulse of 47 k¥ witisetime of about 30 ns was applied to thetpaih cm
above the plate. The distribution of branching eagh these discharges is roughly Gaussian, widraae
values between 39° and 46° and standard deviatib@$® to 13°. The average branching angle showlgght
decrease as a function of pressure. However, ribisclear whether this is statistically significatie to the
limited amount of data points (about 35 pointsgressure). More details can be found in [NijdanQ&0

3.2 Reconnection

Earlier observations. In pulsed power experiments in a needle-to-plaleet®de geometry, thin and slow
streamers seem to approach thick and fast early ionean almost perpendicular direction [Briels let 2006].
Such an event will be called reconnection. A phgisinechanism for such an event is given by Brielal:ethe
originally positive thick streamer channel chargegjatively after connecting to the cathode andefoes
attracts the late positive streamer electrostayical

A similar event was reported by Cummer et al. [30D6 high speed images of sprite discharges above
thunderclouds. Here sprite channels propagatingnd@sds seem to connect to each other, often acauetha
by a bright spot. Sprite discharges have been lestal to be large versions of streamers at lowdgassities,
related to each other by similarity laws. This pdmenon looks quite similar to the reconnection dbed
above; however, the sprite streamers do not reaghebectrodes to change the channel polarity. Asibtes
explanation of the reconnection in sprites was nm#gegiven by Luque and Ebert [2010]. They find in
simulations that charge conservation in combinatith varying air density along the channel creaeggative
charge in the streamer tail while the streamer hemuies a growing positive charge, thereby crgagn
polarization along the channel. The negative cingrgif the tail may attract newer positive streameads.
Similar results on streamer channel polarizatioreH@een found by Liu [2010].

Our 3D reconstruction: We define streamer reconnection in generalizatfidheevents above as the case where
one streamer channel connects in nearly perpemdlidirection to another streamer channel that iaigis from
the same electrode. We study streamer reconndatigingle tip geometry and in double protrusionmetry. In
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our measurements we have found that reconnectighein
single tip geometry does occur, confirming th
interpretation of normal images by Briels et al0Q8].
When it occurs, there is always a thin late streathannel
reconnecting to a thick earlier streamer channéis Tis
confirmed in the 3D reconstructions.
Streamer reconnections can also be observed in ¥ vied 63 Right view! !
asymmetrical double protrusion anode geometry. His t——; : X

, . Figure 2. A stereo image of multiple streamer
geometry, the thickest and earliest streamer cH&nnN§gconnections in the double protrusion-plane
originate from the tip that protrudes farthest frtma plane. anode geometry. The horizontal distance between
An example of such a discharge event is showngiaréd 2. the two tips is 18 mm, the Ie_ft tip. protrudes

14 mm from the plane and the right tip protrudes

This image shows multiple reconnections from ste@am g mm from the plane. Other experimental
channels originating from the right tip to strearnbannels settings: gas fill: 10C mbar air;Vy,= 5CkV.
originating from the left tip. All these reconnexts are
clearly visible in both views and are thereforesipteted as real reconnections. The width of thek trearly
channels is about 1.1 mm; the width of the thinncteds about 0.6 mm. We find that reconnection @aigurs to
thick streamer channels that have crossed theeegtip and end on the cathode plate. The shapeesé th

reconnections is remarkably similar to the spritages by Cummer et al. [2006].

Briels et al. [2008b] have reported that thick atner channels are always faster than thin streah@mels. In
our experiments, tens to hundreds of nanoseconds the thick channels have bridged the gap, thimamel
slower streamers can connect to the conductingdrseft behind by the early thick streamers. Tlis heen
confirmed by increasing the delay of the camerahsd only the late streamers are visible. In tlasecwe
observe that thin channels seem to change direatigtantaneously by about 90° at positions simitathe
reconnection positions in the full images. Thisinserpreted as streamer reconnection consistinghef
approaching streamer and the already existing @&aiihis confirms that reconnection is indeed ttieaetion
of a late streamer channel towards an earlierrsgeahannel. More details can be found in [Nijd2609].

3.3 Merging

Earlier observations: Another type of events was seen K 4 ' | A 4
Grabowski et al. [2005] and Winands et al. [2006pulsed / /

power experiments: many streamers emerged fromra
electrode, and sometimes two almost parallel steesn
seemed to merge into a single one while propagatimay
from the wire. Such an event will be called mergig

Left view!

physical mechanism for such merging was proposed L
Lugue et al. [2008]: the non-local photo-ionizatiaction ~Figure 3. Stereo image of a wire-plate discharge.
Possible merging in the left hand view is

indicated with an arrow. However, the right hand
streamer heads that the heads merge despite theiew shows that no merging occurs. Experimental
settings: gas fill: 2000 mbar aW;,= 45 kV

could generate so much ionization in the space deiwhe

electrostatic repulsion.
Our 3D reconstruction: We have reproduced similar experiments with theesplate electrode. We have never
found a definite case of merging of streamer chinire the hundreds of discharge events studiederOft
channels seem to merge in one of the images, butarmerging in the other image, like shown imfegy3.

In experiments with two tips close to each otherharee always found that two separate streamersgeménly
when the tips are so close to each other (or teespre is so low) that the streamer width is miose L0 times
the tip distance, a single channel emerges frontvtbeips. More details can be found in [NijdamQ2Q
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4 CONCLUSIONS

We have found that the branching angle for streanreran overvolted gap of 14 cm does not signifiyan
depend on pressure aptid and is distributed normally with an average of 488 a standard deviation of 12°.
We find that reconnections as defined above oaagquintly. We attribute this to electrostatic atiien by the
channel that has crossed the gap of the later ehdhat has not crossed the gap yet. Besides e#tatic
attraction, two other interaction mechanisms betwseeamers can be imagined as the reason formecton:
magnetic attraction and photo-ionization. Howeveagnetic attraction between current channels onbuis
when these channels are more or less parallel antiwot lead to the near perpendicular reconnestibat are
observed. Besides, the currents in these streama@nels are low and would not lead to any signifidarentz
force. Photo-ionization can also be excluded bexausiecays exponentially for distances larger thizm
photo-ionization length (about 1.6 mm at atmosghpressure air). Therefore photo-ionization is mueaker

at larger distances and cannot turn the streantbrqueer such distances. Merging on the other haas only
observed with a double tip electrode at a presstigb mbar and a tip separation of 2 mm. In thisecthe full
width at half maximum of the streamer channel isranthan 10 times as large as the tip separatioh. Al
observations show that thinner streamer heads salwayrepel each other and will remain separateewhil
propagating between anode and cathode.
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