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ABSTRACT 
Spark conditioning is an effective method for improving dielectric strength in vacuum. 

In this paper, we discuss the dependence of spark conditioning on breakdown (BD) 

charge and electrode material in vacuum under various non-uniform electric field and 

circuit parameters. We applied a negative impulse voltage to a rod-plane electrode 

configuration with a cathode made of stainless steel (SS), Cu-Cr, or OFHC Cu (Cu), 

and an anode made of SS or Cu. We changed the gap distance, the tip radius of the rod 

electrode and the circuit parameters. As a result, the conditioning effect, i.e. improving 

BD electric field strength by the conditioning, depended on the BD charge (QBD) and 

reached its maximum value against QBD. The optimal QBD required to achieve the 

maximum conditioning effect decreased with the cathode melting point. Moreover, 

when BD caused by cathode heating (CH-BD) occurred readily, with the SS anode, the 

BD electric field strength at the cathode surface after conditioning depended on QBD, 

regardless of the gap distance and the tip radius. Thus, for CH-BD, we estimated the 

withstand voltage that could be achieved by spark conditioning from the electrode 

configuration and QBD. However, when BD caused by anode heating (AH-BD) occurred 

easily with the Cu anode, the optimal QBD was larger than that for CH-BD because the 

cathode temperature was lower for AH-BD than for CH-BD. 

   Index Terms  — Vacuum discharge, conditioning, non-uniform electric field, vacuum 

circuit breakers, breakdown.  

 

1  INTRODUCTION 

VACUUM circuit breakers (VCBs) and vacuum interrupters 

(VIs) have many advantages, such as high dielectric strength, 

high current interruption performance, easy maintenance, and 

low environmental impact, and these devices have been widely 

used in medium voltage systems in recent years. For VCBs and 

VIs to replace SF6 gas in higher-voltage systems, it is 

necessary to increase their dielectric strength in vacuum [1-4].  

To increase the dielectric strength in vacuum, it is important 

to understand the breakdown (BD) characteristics and 

mechanism in vacuum. Various theories of BD in vacuum have 

been proposed [5, 6]. Electron emission from cathode causes 

the heating of electrode and vaporization of electrode metal, 

which leads to BD. The theory based on the vaporization of 

cathode is called “cathode heating theory”. In contrast, the 

theory based on the vaporization of the anode is called “anode 

heating theory”. In these theories, BD in vacuum depends on 

the electrode surface state. When BD in vacuum occurs from a 

weak point such as a microprotrusion on the electrode surface, 

BD removes the weak point by melting the microprotrusion 

and so on. This effect is called spark conditioning and it is an 

effective method to increase the dielectric strength in vacuum. 

The effect of factors such as the cathode material, the gap 

distance, and the electric circuit parameters on conditioning 

have been reported [7-12].  
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Figure 1.  Experimental setup and electrode configuration. 

In spark conditioning, the withstand voltage after 

conditioning is affected by the discharge energy during the 

conditioning [9, 12]. Excess energy applied during the 

conditioning has a damaging effect on the electrodes and 

decreases the withstand voltage after conditioning [9]. 

However, the withstand voltage after microdischarge 

conditioning is smaller than that after spark conditioning [13]. 

Thus, the conditioning effect may reach its maximum value 

against the discharge energy during the conditioning.  

Under a non-uniform electric field, the gap distance, 

electrode shape, discharge current, and electrode material 

contributes to the conditioning effect in vacuum [7-9]. It is 

important to understand the spark conditioning mechanisms in 

more detail. 

In this paper, we examine the dependence of spark 

conditioning on BD charge, defined as the discharge energy 

during the conditioning, and the electrode materials under a 

non-uniform electric field in vacuum. We measured the BD 

voltage and the discharge current for different electrode and 

circuit parameters, and evaluated the conditioning effect and 

the damaging effect as improving and degrading BD electric 

field strength. Then, we determined the relationship between 

the conditioning effect and damaging effect in terms of BD 

charge and electrode material.  

 

2  EXPERIMENTAL SETUP AND 

PROCEDURE 

Figure 1 shows an experimental setup and electrode 

configuration for measuring the impulse spark conditioning 

effect in vacuum. We used a rod-plane electrode with a gap 

distance d of 1 to 50 mm and the tip radius r of the rod 

electrode was 1 to 5 mm. The rod electrode (cathode) was 

composed of stainless steel (SS), Cu-Cr, or OFHC Cu (Cu), 

whereas the grounded plane electrode (anode) had a diameter 

of ϕ60 mm and was SS or Cu. The physical properties of these 

electrode materials are shown in Table 1. The electrodes were 

ultrasonicated in ethanol, dried, and fixed in the vacuum 

chamber.  

We repeatedly applied a negative impulse voltage generated 

by an impulse generator to the rod electrode. For the voltage 

application procedure, we used an up-down method. In the up-

down method, the initial charging voltage of impulse generator 

was 30 kV, and the increment of the charging voltage ∆V was 

10 kV. When a change of 50% BD voltage calculated from the 

most recent 100 voltage applications was less than 10%, we 

decided that the conditioning had reached saturation. We 

controlled the discharge current at BD with the circuit 

parameter, namely the limiting resistance RL of 30 Ω to 20 kΩ. 

As RL was varied, the applied voltage had a waveform with a 

front time of 1.2–25 µs and a tail time of 50–85 µs. At RL = 60 

Ω, the waveform became the standard lightning impulse 

voltage (1.2/50 µs). The applied voltage and the discharge 

current were observed by a voltage divider and a current 

transformer (CT), respectively, and both were recorded on a 

digital oscilloscope. In addition, we calculated the BD charge 

by the time integration of the recorded discharge current at a 

single BD. We defined the BD charge QBD per single BD as an 

average value in all BDs after conditioning saturation. During 

the conditioning process for all experiments, the vacuum 

pressure in the chamber was kept at the order of 10
-6

 Pa.  

 

Table 1. Physical Properties of the Electrode Materials 

Material SS Cu Cr 

Meilting point (°C) 1400–1450 1085 1857 

Specific heat 

(kJ/(kg·K)) at 25°C 
0.50 0.385 0.75 

Thermal conductivity 

(W/(m·K)) at 25°C 
15 397 91.3 
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Figure 2.  Conditioning history. The horizontal line shows the 50% BD 

voltage (Vsat) after conditioning saturation.  

3  EXPERIMENTAL RESULTS AND 

DISCUSSION 

3.1  CONDITIONING HISTORY 

Figures 2a–c show the conditioning history for different RL 

for a Cu-Cr cathode with an SS anode (d = 5 mm, r = 2 mm), a 

Cu cathode with an SS anode (d = 5 mm, r = 2 mm), and an SS 

cathode with an SS anode (d = 1 mm, r = 2 mm). The 50% BD 

voltage (Vsat) after conditioning saturation is indicated. For all 

electrode systems, the BD voltage gradually increased as the 

number of BDs increased. 

For the Cu-Cr cathode with the SS anode (Figure 2a) and 

the Cu cathode with the SS anode (Figure 2b), Vsat increased as 

RL increased and the discharge current decreased. Thus, the 

electrode surface condition after conditioning was improved 

with the smaller discharge current. This was because 

increasing RL prevented the damaging effect. For the SS 

cathode with the SS anode (Figure 2c), Vsat decreased as RL 

increased and the discharge current decreased. By reducing the 

discharge current through increasing RL, the electrode surface 

condition was not improved; the decrease in the discharge 

current caused by increasing RL would decrease the 

conditioning effect of the electrode surface.  

 

3.2  DIELECTRIC STRENGTH AFTER CONDITIONING 

SATURATION 

Spark conditioning removes weak points in the electrical 

insulation on an electrode surface by the discharge energy at 

BD. Thus, the dielectric strength after conditioning saturation 

is affected by the discharge magnitude at BD. To consider the 

relationship between the dielectric strength after conditioning 

saturation and the discharge magnitude, we introduced the BD 

charge QBD per single BD. In addition, to consider various 

electrode configurations, we converted Vsat to Esat, which is the 

maximum electric field strength at the cathode tip.  

 

3.2.1  Cu-Cr CATHODE 
Figure 3 shows the relationship between Esat and QBD for the 

Cu-Cr cathode with an SS anode. As QBD increased, Esat 

decreased because of the damaging effect of the electrode. Esat 

depended on QBD, regardless of d and r. Because a high 

electric field is formed at a low voltage under a non-uniform 

electric field and the SS anode is difficult to melt, BD caused 

by cathode heating (CH-BD) would mainly occur [5]. In CH-

BD, electron emission from the cathode leads to resistive 

heating of the cathode and vaporization of the cathode metal, 

which causes BD. Therefore, for CH-BD, saturation for spark 

conditioning was determined by the electric field at the 

cathode surface and the amount of BD charge in this 

experiment.  
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Figure 3.  Relationship between Esat and QBD (Cu-Cr cathode with SS 

anode). The numbers next to the points are the gap distances d.  
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Figure 4.  Relationship between Esat and QBD (SS cathode with SS anode). 

The numbers next to the points are the gap distances d.  
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Figure 5.  Relationship between Esat and QBD (Cu cathode).  

3.2.2  STAINLESS STEEL CATHODE 
Figure 4 shows the relationship between Esat and QBD for the 

SS cathode with the SS anode. Esat depends on QBD, regardless 

of d and r, as for the Cu-Cr cathode with the SS anode. 

However, for the SS cathode, Esat reaches its maximum value 

at QBD between the conditioning and the damaging effect. Thus, 

it is important to balance the conditioning and the damaging 

effects on the electrode surface. The QBD value required to 

achieve the maximum conditioning effect depends on the 

physical properties of the electrode material such as the 

melting point and specific heat capacity. For the SS cathode, a 

higher QBD was required to achieve a better conditioning effect 

and Esat was higher than for the Cu-Cr cathode because SS has 

a higher melting point and larger specific heat capacity than 

Cu-Cr.  

 

3.2.3  OFHC Cu CATHODE 
Figures 5a and 5b show the relationship between Esat and 

QBD for the Cu cathode with the SS anode and with the Cu 

anode. For the Cu cathode with the SS anode (Figure 5a), Esat 

depends on QBD, regardless of d and r, similar to the Cu-Cr 

and SS cathodes with the SS anode. Owing to the damaging 

effect, Esat was reduced greatly at a smaller QBD than the Cu-Cr 

and SS cathodes in Figures 3 and 4. Because Cu has the lowest 

melting point and the smallest specific heat capacity, it can 

easily melt and be damaged. Furthermore, the Cu cathode has 

the lowest value of maximum Esat of the three cathode 

materials in these experiments (Figures 3, 4, and 5a). In Figure 
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Figure 6.  Cu cathode surface before and after conditioning.  
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Figure 7.  Relationship between V and Q for the Cu-Cr cathode with the 

SS anode for d = 5 mm and r = 2 mm at RL = 60 Ω and 2 kΩ.  

5b, Esat increased as QBD increased, even though the range of 

QBD was comparable to that for the SS anode in Figure 5a. 

These results imply that both the cathode and anode affect the 

conditioning results.  

It is important to observe the cathode surface, because the 

BD is caused by electron emission from the cathode for both 

BD mechanisms based on the cathode and anode heating 

theories [5]. Figure 6 shows the Cu cathode surface before and 

after conditioning for different RL at d = 5 mm and r = 2 mm. 

Before conditioning, machining traces at the cathode surface 

were visible as straight tracks. For the SS anode, the cathode 

surface was melted by the conditioning and the machining 

tracks disappeared. However, although QBD for the Cu anode 

at RL = 30, 60 Ω was larger than for the SS anode at RL = 60 Ω, 

the cathode surface only melted slightly, and the machining 

tracks were still visible. Thus, the cathode for the Cu anode 

melted less than the cathode for the SS anode.  

These differences in the relationship between Esat and QBD 

and the cathode surface arose from the difference in the anode 

material. The effect of the anode material on the BD is 

described by what we refer to here as BD theory. Namely, for 

the SS anode, BD is explained by the cathode heating (CH-

BD), whereas for the Cu anode, BD is explained by anode 

heating (AH-BD) occurring easily. For CH-BD, BD occurs 

after the cathode temperature reaches the melting point. 

However, for AH-BD, BD occurs before the cathode 

temperature reaches the melting point. That is, the cathode in 

AH-BD is hardly damaged because the cathode temperature 

just before BD is lower than that in CH-BD. Therefore, for the 

Cu anode, i.e. AH-BD, as QBD increased, the conditioning 

effect became dominant and Esat increased. For the SS anode, 

i.e. CH-BD, as QBD increased, the damaging effect became 

dominant and Esat decreased. Overall, in AH-BD, the optimal 

QBD for obtaining the maximum Esat was larger than that in 

CH-BD.  

 

3.2.4  ESTIMATION METHOD OF DIELECTRIC 
STRENGTH ACHIEVABLE BY SPARK CONDITIONING  

Our results show that for CH-BD (except for the Cu cathode 

with Cu anode in Section 3.2.3), Esat depended on QBD, 

regardless of d and r. Figure 7 shows the relationship between 

BD charge Q and BD voltage V including the conditioning 

process for the Cu-Cr cathode with d = 5 mm and r = 2 mm at 

RL = 60 Ω and 2 kΩ. Equation (1) shows that Q is proportional 

to V:  

 

VQ α                        (1) 

 

where α is a parameter that depends on the circuit conditions. 

The relationship between electric field strength E and V is 

expressed as  

 

V
d

E
η

                        (2) 

 

where η is the non-uniformity factor of the electric field. From 

equations (1) and (2), equation (3) is derived as  

 

Q
d

E
α

η
                       (3) 

 

That is, E is proportional to Q. Therefore, we can estimate 

Esat and Vsat as follows.  

1. α in equation (1) is defined based on Figure 7. 

2. The constant of proportionality (η/dα) in equation (3) is 
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Figure 8.  Method for estimating Esat.  

calculated. 

3. Esat is estimated from the intersection of the approximate 

curve for each cathode material in Figures 3, 4, and 5 with 

the η/dα line (Figure 8).  

4. Esat is converted to Vsat according to equation (2).  

 

4  CONCLUSION 

In this paper, we investigated the spark conditioning effect 

under a non-uniform electric field in vacuum, focusing on the 

breakdown charge and electrode material dependence for 

spark conditioning saturation. The main results are 

summarized as follows.  

(1) As the breakdown charge increased, the conditioning effect 

increased. However, when the breakdown charge was too large, 

the conditioning effect decreased due to a damaging effect on 

the electrode. Consequently, the conditioning effect reached 

the maximum value. 

(2) When the cathode had a lower melting point, (e.g. the Cu 

cathode), the breakdown charge required to achieve the 

maximum conditioning effect was less than for cathodes with a 

higher melting point (e.g. the SS cathode). 

(3) For AH-BD, it was difficult to damage the cathode because 

the temperature at the cathode before breakdown was lower 

than for CH-BD. The optimal breakdown charge for AH-BD 

was larger than that for CH-BD. 

(4) For CH-BD, saturation for spark conditioning was decided 

by the electric field at the cathode surface and the amount of 

breakdown charge. We proposed a method for estimating the 

breakdown field strength and voltage after conditioning 

saturation. 
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