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ABSTRACT

The initial stage of prebreakdown cathode processes is studied with the help of the shadow method and electrooptical Kerr effect with laser light exposure of ≈ 3 nanoseconds.  Experiments are performed by using triangular voltage pulses with time rise of ≈ 1 (s, time decay of ≈ 0.1 (s and total width of < 2 (s.  The distance between electrodes 50 mm in diameter is 3 ÷ 5 mm.  Field strength varies from 275 kV/cm up to 500 kV/cm. Initial separate optical heterogeneities of size of 50÷100 (m are registered at Е ( 380 kV/cm. Spherical density disturbances with epicenter placed over the cathode are registered when the cathode “bush” reaches the size of ≥ 100 (m. In front of the “bush” the enhancement of electric field exceeding the average field several times in the gap is registered. However, fast discharge is developed from anode.  Experiments performed without restriction of voltage pulse duration at Е ≈ 300 kV/cm show that within 6 ÷ 8 (s cathode disturbances increase up to the size of 2 ÷ 4 mm and initiate the breakdown. The EHD model of subsonic cathode streamer development is considered.  
.   

   Index Terms  — Bubbles, Electric breakdown, Electrooptic measurements, Dielectric liquids, Water, Trees.
1
  INTRODUCTION

The initiation of the effect of breakdown polarity in distilled water is well-known and is described by the empirical relation [1]:  
Еbr· t1/3ef ·S1/10 =K,
(1)  

where Еbr is the electric field strength (MV/cm), tef  is the effective time of voltage action (µs), S is the area of electrodes (cm2).  For positive polarity K+  = 0.3, and for negative one K- = 0.6. This expression is valid for uniform or slightly non-uniform fields with tef ≤10-6 s, S ( 1 m2. However, cathode discharge initiation is possible in micron gaps [2] and at microsecond pulse durations [3].  Hypotheses of discharge initiation and development [4] require further experimental verification.   

   The goal of the work is optical (the shadow and the Kerr effect) investigation of the initial stage of prebreakdown cathode processes.  
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2
 EXPERIMENTAL SETUP  
Experiments are performed with voltage pulses simulating charging – discharging cycle of capacitive energy storage.  The pulse is generated in using high-voltage pulse generator with voltage 100÷200 kV with controlled chopping gap (Fig.1). 
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Fig.1. Electrical circuit. C= 1.4 nF, Rf =3 kOhm, Rc (100÷200 kOhm, Сc=0.27 nF, Rt =0.3 kOhm 
The optical arrangement is shown on Fig.2. Here it is 1- He-Ne laser, 2- lens, 3 – polarizer, 4 – filter, 5 – photomultiplier, 6 – pulse laser, 7 – photocamera.
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Fig.2. Optical arrangement. 
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Fig.3. Design of HV cell. 
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Fig.4. Typical oscillogram recording voltage pulse on electrodes and photomultiplier signal.
High-voltage test cell (Fig.3) is in the form of octagonal stainless steel box with optical windows. Deionized water with specific resistance of ≈10 MOhm·cm goes into the cell from water purifier closed loop. The distance between electrodes is d = 3 ÷5 mm. The electrodes are made of stainless steel and 50 mm in diameter.   

Optical registration is mainly performed with the help of the shadow method with laser lighting at the maximum voltage (0.1 microseconds before the pulse edge). Semiconductor laser used has wavelength of ( = 0.61 (m, energy of 10÷20 mJ and pulse duration at half-height of 3 ns. Photo registration is made with digital camera with resolution of ( 10 (m. The diaphragm of photo camera is keeping open during voltage exposition.    

[image: image4]
Fig. 5. Kerrogramma for illustration  of electric field level and its homogeneity, E=450 kV/cm,  d = 4 mm.   
In some experiments the electric field strength is measured by using the Kerr effect. He-Ne laser symmetrically focused between electrodes and photomultiplier are used for temporal registration of complete phase shift ( between ordinary and extraordinary waves in the HV cell. In such cases crossed polarizer and analyzer are usually used. When laser beam passes through the water cell equipped with crossed polarizers placed at angle 45° to the measured component of homogeneous electric field, the light intensity equals: 

I/I0 = sin2((/2) =sin2((Вk 
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where Вk is the Kerr constant, E( is the electric field component that is perpendicular to laser beam direction, х is the probing beam direction. In uniform and slightly non-uniform electric fields the average electric field along the path of laser beam can be estimated in accordance with (2). Fig. 4 shows oscillograms of voltage pulse and photomultiplier signal. The measured photomultiplier pulse signal (vigorous peak corresponds to pulsed laser operation time) is superposed by computed signal according to (2). Here both the pulse voltage form (Fig.4) and the Kerr constant value Bk = 2,6·10-12 cm/В2 are used. Panoramic distribution of transmitted light intensity (named as kerrogram, Fig.5) shows symmetrical distribution of the electric field strength between spherical electrodes in the absence of space charge that is supported by numerical computations.   
3 Breakdown Strength
The breakdown strength of polished electrodes is measured at stepwise voltage increase by 10% in run of 12 measurements starting with Е =U/d = 275 kV/cm. Water changes either before every set of measurements or after the breakdown of interelectrode gap. Fig.6 shows probability of breakdown absence depending on the electric field strength.  Here it is 1 - polished electrodes, 2 - electrodes after 10 times of breakdowns, 3 - electrodes after 20 times of breakdowns.   
[image: image12.wmf] 

Fig. 6.  Dependence of probability of discharge absence upon the electric field strength (N0- number of measurements, NP – number of discharges).
After several tens of discharges down to 300 kV/cm Еbr lowers due to electrode surface damage and appearance of electrode areas with locally enhanced field. The energy of ( 3 J accumulated in electrode cell causes electrode surface change at breakdown. The craters are formed.  Diameter of separate craters reaches 300 (m.  After the number of breakdowns the craters form microedges on the surface. It leads to local field enhancement on the electrode surface that causes fast breakdowns from anode. After several tens of discharges water electric strength lowers to the values corresponding to the expression (1).   

4
 CATHODE PROCESSES 
On polished electrodes, initial separate optical heterogeneities of sizes from several tens to some hundreds micrometers are observed on cathode at ЕМ (  380 kV/cm. Fig. 7 shows shadow photographs selected in increasing order of sizes of cathode optical inhomogeneities:    a – heterogeneity tapering towards anode of typical size of ≤50 (m; b – heterogeneity is spreading out above cathode, contact with cathode surface equals ≤10 (m; c – contact with cathode through channel of (15 (m is registered, lateral branching from heterogeneity tip appears; d – typical cathode tree is generated that further holds shape while growing in  size 
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Fig. 7. Initial cathode processes.  U = 150 kV, d = 4 mm.   

   Sequence and structure of cathode disturbances are similar to the discharge initiated by microbubbles [5]. The spherical density disturbance located in front of the “bush” of >100 (m height is registered by the shadow method. This density disturbance moves from the center of discharge “bush-like” tree with subsonic speed.  Comparison of the pictures obtained with the help of the shadow method and the Kerr effect shows that this dark zone well corresponds to the first (nearest) dark zone in the kerrogram.
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Fig. 8. Cathode small bush - like trees. Е = 400 kV/cm.   

Assuming that the second dark zone is due to the Kerr effect at enhanced electric field, one could estimate its value in accordance with simplified formula (2):   

(BkЕ(z)2R = k(                    (3)   

-where R is a typical longitudinal size of the dark zone, k( is a half - phase shift.  This expression was obtained by extraction of additional phase shift due to tree from full phase shift.
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-where E0( is the electric field without tree. According to Fig.4 at the U=160 kV that correspond to E(400 kV/cm the light intensity is half of the full intensity, therefore the first term in the expression (4) is approximately 3(/4. Second dark zone correspond to the full phase shift should equal (.That is why the k in (3) could be estimated as ¼. For R ( 250 (m and phase shift by (/4 the enhanced field approximately equals E* ( (1/4 Bk R)1./2 ( 2 MV/cm. Suppose that electric field is enhanced due to additional charge Q, its value could be estimated as Q ( 4(((0R2E* ( 10-7 Coulomb. Assume that cathode potential U is the same as that of the “bush” area, let us estimate typical size of r of such area under condition that C ( Q/U ( 4(((0r.  For U = 160 kV, C ( 10-12 F, and r  ( 100 (m that does not exceed the “bush” size. It is obvious that estimates do not contradict the experimental data. The nearest dark zone can be due to the Kerr effect too. The local half-phase shift is 5(/4 that corresponds to the position of this zone at R ( 150 (m that is not far from the position of real dark zone. Moreover, a superimposition of shadow dark zone and the Kerr dark zone occurs. 

The experiments performed after several tens of breakdowns without the chopping gap at Е = 300 kV/cm show that the discharges from anode are registered at small values of prebreakdown time duration tbr. If the discharge from anode does not occur at more long pulse time duration 6-8 (s, cathode tree increases up to 2-4 mm in size and causes breakdown. Here several hundreds of nanoseconds before the voltage drop the current flow with amplitude of 1-2 А is registered. In other words, in order to generate a high-conductive discharge channel, the energy of ( 10-1 J/cm is required. Fig. 9 shows photo of cathode and anode discharge propagation. Here it is:  a - shadow photos of discharge developed from cathode, prebreakdown time is tbr = 7.6 (s (without operation of chopping gap), moment of laser pulse is tlaser = 6.6 (s; b - shadow photos of discharge developed from anode, tbr = 1.7 (s., tlaser = 1.85 (s.   
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Fig. 9. Cathode and anode discharge propagation. Е =300 kV/cm, d = 5 mm.  
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Fig. 10.   Enlarged fragment of Fig. 9a.
The “bush” edge is made of separate branches 20-30 (m in diameter and length of ( 100 (m. These branches become thicker ones of length of ( 350 (m whose base is optically nontransparent “bush” core.   

   We have not registered fast anode filaments that do not transfer into discharge due to their fast propagation and great time spread. Fig. 11 shows integral photos of anode and cathode lighting that are generated in parallel.  Cathode lighting corresponds to optical heterogeneity of Fig. 8. and Fig. 9. Anode lighting structure is a spherical segment of height of ( 250 (m, and the base on the electrode surface and expansion angle ( 1200 corresponds to fan of streamers at anode discharge initiation [5].                    
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Fig. 11. The luminescence of cathode and anode discharges. Е ≈400 kV/cm.  
5  POSSIBLE EHD MODEL OF BREAKDOWN PROPAGATION 
On the base of estimate of the average electric field 2 MV/cm near cathode streamer zone one can estimate the electric field near a single branch of the breakdown tree. The bush-like structure of the tree is a self–similar developing construction. Every branch develops and it is divided into series of new branches which in their turn develop and they are also divided, and so on. Some branches do not develop. Especially, it concerns the branches inside the tree. To estimate local field, one can take into account the fact that the electric field is generated by charges on tips of the branches mainly. Total charge Q is a sum of charges on the tip of every branch Q=(qi= ((iSi, where (i is the surface charge density and Si is the surface area of the tip. Suppose (according to Fig.8) that Si is 1/5(1/10 of the tree sphere, one can estimate that the local electric field at the branch tip is 10(20 MV/cm. 

   What could be the mechanism of development? Following the ideas that proposed by Watson [6], that the initial stage of streamer expansion in n-hexane has EHD nature one can estimate their velocity V from the condition (·V2~(·(0·(·E2, where ( is the liquid density, (·is the dielectric permittivity, ( is the part of electrical energy that transforms into a hydrodynamic one. Numerical evaluation of V after substitution of (~0.1, (=80, (=1 T/m3, E~10(20 MV/cm gives V~300÷600 m/s. This value does not contradict experimental values of subsonic propagation of cathode streamers V(103 m/s. 

   In our opinion charges on the branch surface appear after multiavalanche discharge inside the bubble-like structure and move (with the liquid) in the direction of the local field. The local field intensity is much more than that of the external one. Hence, the direction of surface movement changes from one point of the surface to another. Then this movement should increase the tip of the branch. Here both electric field and tip velocity decrease simultaneously. The next stage, in our opinion, is the instability of charged surface due to the action of Coulomb forces [6]. Then each instability edge transforms into the tip of the tree, moves as the tree branch, increases in the sizes and then creates instability, and so on. 

   This model can give a plausible value of subsonic cathode tree velocity and explain self-similarity of breakdown tree.

6 CONCLUSION

   As a result of optical and electrooptical investigation of prebreakdown processes in water the following conclusions can be made:   
1. The initial stage of cathode “bush” formation of size of ( 100 (m does not contradict the “bubble” model of breakdown initiation.   

2. When the cathode “bush” reaches the size of ≥ 100 (m, spherical density disturbances with epicenter placed over the cathode are registered.
3. The enhancement of electric field strength several times exceeding the average value in the gap is registered near the “bush”.   
4. Prebreakdown cathode processes start earlier than anode processes, but due to relatively low velocity of their propagation the discharge in microsecond time durations is initiated at anode.   

5. Local electric field enhancement near electrodes accelerates anode prebreakdown processes after previous breakdowns.   
6. At electric field strength < 0.3 MV/cm and breakdown time delay > 2 (s the breakdown is generated from cathode.  

7. EHD model of discharge propagation consists of formation of bubble-like tree structure, multiavalanche discharges inside the structure, appearing the surface charge, movement of each point of the surface of each branch in the direction of local electric field, increasing the size and decreasing the velocity, instability of the surface, appearance of edges and their transformation into branches, and so on. It could give a plausible value of cathode tree velocity and explain self-similarity of the breakdown tree.
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