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Abstract. The distribution of cathode spots in a CuCr25 vacuum arc controlled by an axial magnetic
field and ignited on the lateral surface of the cathode is investigated for long gap distances, from the
processing of high-speed video images. The processing method includes also estimating the current
carried by a single spot and reconstructing the distribution of the current density at the cathode.
Various distributions depending partly on the arc current are described.
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1. Introduction1

Vacuum is one of the most frequently extinguishing2

medium for medium voltage circuit breakers. At rel-3

atively low current or under an axial magnetic field4

(AMF), a vacuum arc (VA) appears diffuse. The5

plasma is provided at the cathode by tiny, mobile6

cathode spots (CS) [1]. CS motion is influenced by7

various factors, such as surface state, magnetic field8

and the plasma density near the cathode [2]. The dis-9

tribution of CSs over the cathode surface has obviously10

a strong impact on the plasma parameters [3].11

Using a numerical processing method of cathode12

spot images [4], two groups of authors succeeded13

reconstructing the position of CSs over the cathode14

surface, from which they have studied the distribu-15

tion of current density at the cathode [5, 6] and the16

extension of the area occupied by CSs [2, 7]. These17

experiments were conducted between static contacts.18

The arc was triggered thank to an auxiliary electrode19

inserted at the center of the cathode. Only short20

contact gaps ranging from 4 to 6mm in [2, 5, 7] or21

equal to 11mm in [6] were considered, with maximal22

current in 7–25 kA range.23

Current efforts to enhance the vacuum circuit24

breaker voltage range capability impose to employ25

higher contact gaps (more than 10mm). However, VA26

behavior under such conditions is still not fully under-27

stood. In this paper, based on a similar method to [4],28

we investigate the distributions of cathode spots and29

current density at the cathode in AMF controlled VAs30

generated between static contacts spaced 20mm or31

30mm apart, and triggered with an auxiliary electrode32

situated near the cathode lateral surface. Different33

evolutions of the CS distribution, mainly depending34

on the VA current, are described and analyzed.35

2. Experimental36

2.1. Experimental setup37

The experimental setup, illustrated in Figure 1, is38

composed of a vacuum chamber (10−5–10−7 Pa) inside39

which two fixed 70mm diameter copper cylindrical40

contacts surmounted by CuCr25 wafers are mounted.41

Sixteen turn Helmholtz coils (HC) disposed outside42

the chamber are used to generate an AMF. As it can43

be seen in Figure 2, the radial profile of the AMF has a44

saddle shape with values of 9.6–17.1mT/kA inside the45

contact gap region. On the contrary, the time delay46

between the AMF intensity and the coil current has a47

bell-shaped radial profile, with values ranging between48

3.4ms and 5.4ms inside the contact gap region. VA49

is triggered with the help of an auxiliary electrode50

situated close to the lateral surface of the cathode51

and connected to a microsecond High-Voltage (HV)52

power supply. VA and HC are powered from two53

independent 50Hz alternators. A phase shift of 3.4ms54

is imposed between the coil current and the arc current55

to synchronize the AMF and arc current peaks at the56

edge of the contacts. VAs are filmed with a high-speed57

camera Photron SA5 with an exposure time of 369 ns58

and a frame rate in 15000–20000 fps.

Figure 1. Experimental setup.
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Figure 2. Radial profiles of the axial magnetic field in-
tensity and the time delay (∆t) between BAMF and Icoil
measured at mid distance between the two contacts.

59

2.2. Operating parameters60

Table 1 shows the operating parameters used during61

the eleven experiments that are reported in the present62

paper. Arc current is in 4.9–43.3 kA. All experiments63

were realized with the AMF oriented towards the64

cathode, except experiment 7, during which the AMF65

was oriented towards the anode. The contact gap was66

either 20mm or 30mm.67

Experiment Larc Iarc T BAMF
mm kA ms mT

1 20 4.9 6.2 -143
2 20 17.2 13.7 -143
3 20 25.7 11.8 -143
4 20 26.7 9.9 -143
5 20 31.1 10.8 -143
6 20 36.3 11.7 -143
7 20 43.3 10.9 269
8 30 8.9 10.9 -145
9 30 11.7 10.9 -144
10 30 18.0 10.9 -143
11 30 24.9 10.9 -141

Table 1. Gap distance, arc current, arc duration and
AMF magnitude during each experiment.

2.3. Numerical treatment of cathode spot68

images69

CS distribution was studied with the help of a nu-70

merical treatment of cathode spot images developed71

within the Octave software and inspired by the method72

proposed by Afanas’ev et al. [4]:73

1. To detect the CSs, the iso-contours of light inten-74

sity on the cathode spot image were calculated with75

a native function of Octave. Next, these contours76

were selected according to their intensity, in order77

to eliminate the darkest contours, as well as accord-78

ing to their size, in order to reject too long and79

too small contours which cannot surround a single80

spot. Then, the iso-contour density was estimated81

by calculating first the centroid position of each82

contour. When the number of centroids on a pixel83

reaches a threshold value, this pixel was marked.84

Finally, spot position was taken as the centroid of85

connexe area of marked pixels.86

2. The image deformation induced by the inclination87

of the camera was corrected using an OCTAVE88

native projective transformation function. This89

function must be supplied with the initial and final90

positions of four points. For this purpose, we have91

used the picture of a grid pattern disposed on the92

cathode surface, which was taken with the same93

inclination as that during the experiment.94

3. From the CS map, the distribution of the current95

density at the cathode was reconstructed by parti-96

tionning the cathode surface into Voronoi cells, each97

cell enclosing a single spot. The current density in98

each cell was considered to be inversely proportional99

to the cell area.100

3. Results101

3.1. Cathode spots distribution102

Because of the lateral trigger system, CSs just after103

the VA ignition are located on the lateral surface of104

the cathode. The action of the AMF results then in a105

very fast retrograde motion of rotation of those spots106

around the cathode [8]. Eventually, the CSs reach107

the front surface and spread over it. The temporal108

evolution of the CS distribution on the cathode surface109

was investigated using the image processing method110

described in section 2.3. As shown in Figure 3, various111

types of evolution of the CS distribution were observed112

depending partly on the arc current.113

1. At low current (up to 11.7 kA for the present con-114

ditions, i.e. in Experiments 1, 8 and 9), only a small115

part of the circumferential edge of the cathode is116

initially occupied by the cathode spots (Figure 3.a).117

Subsequently, the occupied area grows in size until118

the current peak (at around 6ms). The growth119

seems to be roughly isotropic as in [2]. The spots120

form a compact group, and they never manage to121

fill the whole front surface of the cathode.122

2. At moderate current (between 17.2 kA and123

31.1 kA for the present conditions, i.e. in Experi-124

ments 2 to 5, 10 and 11), the first CSs appearing on125

the front surface form thin separate strips covering126

large sections of the cathode circumferential edge127

(Figures 3.b-c). Next, with the increase of the arc128

current, the regions occupied by CSs grow along the129

edge of the cathode, as well as toward the center of130

the cathode. Eventually, at t = 4ms, the circumfer-131

ence of the cathode is totally covered by the spots,132

but an empty region is still enclosed within the133

CS distribution. Then, two types of evolution may134

be distinguished according to the centering of the135

empty region with respect to the axis of symmetry136

of the cathode at t = 4ms:137

a. In Experiments 3 and 4, as illustrated in Fig-138

ure 3.b, the empty region initially relatively de-139

2



vol. xx no. x/2017 Long title shortened

Figure 3. Temporal evolution of the distribution of cathode spots during Experiments (a) 8, (b) 4, (c) 11 and (d) 7.

centered and is eventually totally filled by the140

spots a delay after the current peak.141

b. In Experiments 2, 5 10 and 11, as illustrated in142

Figure 3.c, the empty region is initially relatively143

centered, and although its size decreases until144

the current peak; it remains present until the arc145

extinction.146

3. At high current (above 36.3 kA for the present147

conditions, i.e. in Experiments 6 and 7), the CS148

distribution evolves similarly to that at moderate149

current (Figure 3.d). Yet, at the current peak, the150

top surface of the cathode is always entirely covered151

by spots. Moreover, the CS distribution seems to152

reveal an alignment of the cathode spots along spiral153

arms originating from the center of the cathode.154

Note that in all cases, during the decrease of the arc155

current, the disappearance of CSs seems to happen156

uniformly over the cathode surface.157

3.2. Cathode spot average current158

From the data provided by the spot detection pro-159

cedure, it is possible to determine the average spot160

current by calculating the ratio of the total arc current161

to the number of detected spots. We have excluded162

from our analysis images where a significant propor-163

tion of spots could not be detected by our algorithm,164

because they were located on the lateral surface of165

the cathode, as a result of either the arc ignition or166

the ejection of spots from the front surface. Based on167

arc images taken 1ms before the arc extinction, an168

average spot current value of 36.5±2.5A was obtained169

for all experiments. This value is similar to the spot170

current measured by Yu et al. [9] for nanocrystaline171

CuCr25 contact material.172

3.3. Radial profile of the cathode current173

density174

The measured spatial distributions of the cathode175

spots have been used to reconstruct the distributions176

of the current density at the cathode surface, following177

the method described in Section 2.3. Azimuthally178

Figure 4. Radial profiles of current density during
Experiments (a) 8, (b) 4, (c) 11, (d) 7, each 2ms.

Figure 5. Calculated direction of retrograde motion
with Robson drift of cathode spots during Experiments
(a) 4 and (b) 11 at 4ms.

averaged radial profiles of the cathode current density179

corresponding to the spatial distributions of spots180

presented in Figure 3 are shown in Figure 4.181

1. At low current (Figure 4.a), the current density182

is approximately uniform up to 20mm, and then183

decreases for higher radial positions. This decrease184

reflects that the circumference of the cathode is185

partly non occupied by the cathode spots. After the186
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current peak, the current density decreases approxi-187

mately in uniform manner, confirming the previous188

comment made on Figure 3.189

2. At higher currents (Figure 4.b-d), the radial pro-190

files of the current density before the current peak191

are markedly different from that at low current.192

Due to the initial presence of spots over a large por-193

tion of the edge of the cathode, one observes a peak194

of current density at the cathode edge followed by195

a sharp fall towards the center of the cathode. As196

the current rises, the front of current density moves197

towards the center of the cathode. Nevertheless the198

current density does not exceed its maximal value199

reached at t = 2ms. At the current peak, when200

the cathode is fully occupied, the current density201

is roughly uniform. After the current peak, the202

current density tends again to decrease uniformly203

over the surface.204

4. Discussion205

Figures 3.b-c suggest that the partial or total occu-206

pation of the cathode surface by CSs at moderate207

currents is related to the observed off-centered or208

centered position of the CS empty region, this char-209

acteristic being itself linked to the initial repartition210

of CSs along the cathode circumference. In Figure211

5, based on the measured CS distribution, we have212

calculated the direction of motion of CSs, following213

a similar approach to that used in [10]. The plotted214

vectors represent the retrograde direction of motion215

associated to the self-generated azimuthal magnetic216

field, taking into consideration the Robson angular217

deflection of the motion caused by the AMF [11]. The218

deflection angle was defined as ϕr = η tan−1 BAMF

Bt
219

where η ∼ 0.8 on CuCr30 cathode[10]. When the220

empty region is off-centered (Figure 5.a), the CS mo-221

tion direction clearly contributes to the filling of the222

empty region. On the contrary, when the empty re-223

gion is relatively centered (Figure 5.b), the CS motion224

direction points only little towards the empty region,225

which may explain the non-disappearance of this re-226

gion.227

5. Conclusion228

The distributions of cathode spots and current density229

at the cathode in a long gap vacuum arc controlled230

with an external axial magnetic and ignited on the231

lateral surface of the cathode have been investigated.232

� Various types of CS distribution were observed de-233

pending partly on the current. At low currents,234

CSs form a compact group which does not occupy235

completely the cathode surface, whereas at high236

currents the whole cathode surface is covered by237

CSs. At moderate currents, a CS empty region may238

subsist at the current peak, which may have its239

origin in the initial CS distribution along the cir-240

cumference of the cathode following the arc ignition241

on the lateral surface of the cathode.242

� The contact gap in the range considered in this pa-243

per seems to have no impact on the CS distribution.244

� A value of the average current emitted by a cathode245

spot of 36.5 ± 2.5A has been determined.246

� In regions occupied by CSs, the current density at247

the cathode seems roughly uniform.248

Acknowledgements249

This project was supported by the French Government in250

the framework of the "Investments for the Future" pro-251

gramme under the project reference (ANE-ITE-002-01).252

References253

[1] P. Picot. Vacuum switching. Technical Report 198,254

Schneider Electric, 2000.255

[2] X. Song, Z. Shi, C. Liu, S. Jia, and L. Wang. Influence256

of AMF on the expansion speed of cathode spots in257

high-current triggered vacuum arc. IEEE Trans.258

Plasma Sci., 41(8):2061–2067, 2013.259

[3] L. Wang, S. Jia, Z. Shi, and M. Rong. Numerical260

simulation of vacuum arc under different axial magnetic261

fields. J. Phys. D: Appl. Phys., 38(7):1034–1041, 2005.262

[4] V.P. Afanas’ev, A.M. Chaly, A.A. Logatchev, S.M.263

Shkol’nik, and K.K. Zabello. Computer-aided264

reconstruction of the cathode images obtained by high265

speed in high photography of high current vacuum arcs.266

IEEE Trans. Plasma Sci., 29(5):695–699, 2001.267

[5] A.M. Chaly, A.A. Logatchev, K.K. Zabello, and S.M.268

Shkol’nik. High-current vacuum arc appearance in269

nonhomogeneous axial magnetic field. IEEE Trans.270

Plasma Sci., 31(5):884–889, 2003.271

[6] Z. Shi, S. Jia, X. Song, Z. Liu, H. Dong, and L. Wang.272

The influence of axial magnetic field distribution on273

high-current vacuum arc. IEEE Trans. Plasma Sci.,274

37(8):1446–1451, 2009.275

[7] A.M. Chaly, K.K. Logatchev, A.A. Zabello, and S.M.276

Shkol’nik. High-current vacuum arc in a strong axial277

magnetic field. IEEE Trans. Plasma Sci.,278

35(4):939–945, 2007.279

[8] B. Jüttner and I. Kleberg. The retrograde motion of280

arc cathode spot in vacuum. J. Phys. D: Appl. Phys.,281

33(12):2025–2036, 2000.282

[9] L. Yu, J. Wang, Y. Geng, G. Kong, and .Z Liu.283

High-current vacuum arc phenomena of nanocrystalline284

CuCr25 contact material. IEEE Trans. Plasma Sci.,285

39(6):1418–1426, 2011.286

[10] S. Jia, X. Song, Z. Shi, L. Wang, and X. Huo.287

Investigations on the motion of high-current vacuum-arc288

cathode spots under a magnetic field. IEEE Trans.289

Plasma Sci., 39(6):1344–1348, 2011.290

[11] A.E. Robson. The motion of low-pressure vacuum291

arc in strong magnetic field. J. Phys. D: Appl. Phys.,292

11(13):1917–1923, 1978.293

4


	Plasma Physics and Technology XX(X):1–4, 2017
	1 Introduction
	2 Experimental
	2.1 Experimental setup
	2.2 Operating parameters
	2.3 Numerical treatment of cathode spot images

	3 Results
	3.1 Cathode spots distribution
	3.2 Cathode spot average current
	3.3 Radial profile of the cathode current density

	4 Discussion
	5 Conclusion
	Acknowledgements
	References

