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ABSTRACT 
The objective of this paper is to gain insight into free recovery processes in vacuum 
interrupters after diffused vacuum arcs extinction. A sub-microsecond voltage impulse, which 
peaked at 90 kV with a rising time of 150 ns) (rate of rise 480 kV/μs), were electronically 
controlled to apply upon a switching gap of a vacuum interrupter at a predetermined interval 
after a power frequency current zero. Based on the breakdown voltages at different intervals 
after arc extinction, we can obtain the free recovery behavior of the vacuum interrupter. The 
contact materials under study included Cu, CuCr25 and CuCr50. The contacts were butt-
type, and the contact diameters were 12 and 25 mm, respectively. The arc current peaked at 
2.1 kA with a frequency of 50 Hz and the arcing time was ~9 ms. The results show the free 
recovery behavior stepped from ~28 kV to ~70 kV at ~4 μs after arc extinction for the three 
kinds of contact materials with the two contact diameters given. By calculation of the 
dissipation of metal vapor density and ion density, we conclude that the decay of ions, rather 
than metal vapor, may be the main reason for the stepwise behavior of the free recovery 
process after diffused vacuum arcs extinction. 

   Index Terms — Vacuum interrupters, vacuum breakdown, free recovery process, 
dielectric recovery, diffused vacuum arc 

 
1   INTRODUCTION 

DIELECTRIC recovery behavior after current zero is 
especially important for a vacuum circuit breaker (VCB) 
because it ultimately determines the interruption capacity of the 
VCB [1, 2]. As the current in a vacuum interrupter approaches 
sinusoidal zero, cathode spots, which are the sources of 
emission, gradually turn off until the final cathode spot ceases to 
function. However, the interruption process does not come to an 
end at that time because many particles produced in the arcing 
period remain in the switching gap including metal vapor [1, 3], 
ions [4], and droplets [5]. Therefore, the ability of the switching 
gap to withstand high voltage is finally reached until the 
residual particles dissipate from the switching gap. Moreover, a 
transient recovery voltage (TRV) is immediately applied upon 
the switching gap after current zero. If the dielectric strength of 
the gap cannot withstand the rapidly rising voltage, a re-ignition 
may occur. This physical process of dielectric recovery after 
current zero develops very quickly, and the time scales for the 
residual particles to disperse are different. The decay of metal 
vapor density may last for several milliseconds [5, 6], while ions 
may take only a few microseconds to dissipate from the gap [5, 
7]. The density of these residuals depends on the contact 
material, the arcing time, the amplitude of arc current, and the 
magnetic field of contacts. 

Although researchers seem to be more concerned with 
dielectric recovery after high current interruption, the 
experimental results from low current interruption may 
reveal some fundamental information about interruption 
processes because the condition after the low current 
interruption can be relatively simple. For example, when a 
stationary anode spot forms, the contact surfaces melt where 
they are attached to the arc roots and continue to evaporate 
metal vapor after current zero. In addition, the contact 
surfaces are roughened due to the effect of high energy input 
from the vacuum arcs [8]. In fact, there are a variety of ways 
to interpret the failure of high current interruption. However, 
the experiments using low current can be carried out under 
specified conditions, reducing the complexity of the process. 
So, the low current experiments help us to discover the 
nature of the dielectric recovery processes. It is fundamental 
to understand the recovery processes after vacuum arc 
extinction under a "free" condition (i.e., without the 
influence of a high TRV). Moreover, the knowledge of free 
recovery behaviors after diffuse vacuum arcs extinction 
forms a basis for further understanding the dielectric 
recovery process of a vacuum interrupter under TRV. 

The objective of this paper is to gain insight into free 
recovery processes in vacuum interrupters after diffuse 
vacuum arcs extinction. We adopt a sub-microsecond voltage 
impulse that peaks at 90 kV with a rising time of 150 ns (rate 
of rise 480 kV/μs). The voltage impulses can be electronically Manuscript received on 2 March 2011, in final form 9 August 2011. 



IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 19, No. 2; April 2012  583 

controlled to apply upon a switching gap at a predetermined 
interval of time after a power frequency current zero. The 
contact materials in the tested vacuum interrupters include 
copper (Cu), copper-chromium using 25% weight chromium 
(CuCr25), and copper-chromium using 50% weight chromium 
(CuCr50) contact materials. The contact diameters are 12 and 
25 mm, respectively. The dielectric recovery behaviors are 
measured within 15 μs after current zero with a peak arc 
current of 2.1 kA. At the end, the paper discusses the effect of 
residual particles on the free recovery processes after 
interrupting a diffuse vacuum arc. 

2  EXPERIMENT 

2.1 TEST SPECIMEN 

Figure 1 shows the structure of a tested vacuum interrupter. 
The diameters of the butt-type contacts were 12 and 25 mm, 
respectively. The thickness of the contact plate was 4mm. 
Three kinds of contact materials were used in the experiments: 
oxygen-free high-conductivity Cu (OFHC), CuCr25 and 
CuCr50. All of the vacuum interrupters were conditioned by 
low currents before the experiments. 

In order to confirm that the vacuum arcs remained in a diffuse 
mode, we had to observe the arc modes before measuring the 
recovery processes. Thus, we specifically used several vacuum 
interrupters that had an observation window (40 mm  40 mm) 
on the stainless-steel shield and the insulation envelopes of the 
vacuum interrupters were made of glass.  

After confirming the vacuum arc mode, we used 
commercial vacuum interrupters with the same structure as 
shown in Figure 1 except that the shield did not have a 
window for the recovery experiments. 

 

	
Figure 1．Sketch of a tested vacuum interrupter. The upper electrode was fixed 
in the position; the lower one was able to move. Contact diameters were 12mm 
and 25mm, respectively. 

2.2 EXPERIMENTAL SETUP 

Experiments were conducted using the apparatus shown 
schematically in Figure 2. The arc current was provided by an 
L-C discharging circuit. A drawn arc was initiated between a 
pair of butt contacts in a tested vacuum interrupter. In the initial 
condition, the main switch (SW1) was opened, and the auxiliary 
switch (SW2) was closed. A test switch (TSW), in which a 
tested vacuum interrupter was assembled, was kept closed. In 

addition, SW1, SW2, and TSW were driven by permanent 
magnetic actuators to efficiently control close/open time 
accuracy. Before the experiments, the capacitor banks were 
charged to an appropriate voltage that controlled a discharging 
arc current. First, SW1 was closed, which initiated a power 
frequency current of 50 Hz passing through the reactors L. After 
a predetermined interval to control the arcing time, TSW and 
SW2 were electronically controlled to open at the same time by 
the permanent magnetic actuators. In this way, the first half-
wave of the initiated discharging current passed through the 
tested vacuum interrupter and an arc was drawn. The 
predetermined open time of TSW and SW2 can adjust the 
arcing time from 1ms to 9 ms. In the following tests, the arcing 
time was set to 9 ms if the vacuum arc was extinguished at the 
first current zero point. Then, a negative voltage impulse was 
applied to a pair of contacts of the tested vacuum interrupter 
through a current-limiting resistor R (50 Ω ) after a 
predetermined interval ΔT that can be adjusted from 0μs to 15 
μs as shown in Figure 3. After repeating the application of the 
voltage impulses, we can obtain the free recovery behaviors of a 
tested vacuum interrupter from 0 μs to 15 μs after current zero. 

	

Figure 2．Sketch of experimental circuit. C: Capacitor banks; L: Reactors; 
SW1: Main switch; SW2: Auxiliary switch; TSW: Test switch with a tested 
vacuum interrupter involved; R: Resistor (50 Ω); CVD: Capacitive voltage 
divider (3 pF, 4.2:1); VIS: Voltage impulse source; RC: Rogowski coil; OSC: 
Oscilloscope. 		

Figure 4 shows a waveform of a voltage impulse that was 
generated by a voltage impulse source (VIS) and can be 
controlled electronically to apply voltage impulses to a vacuum 
interrupter. The impulse peaked at 90 kV with a rising time of 
150ns (rate of rise 480 kV/μs) and measured by a Tektronix 
high-voltage probe P6015A (1000:1) through a capacitive 
voltage divider (CVD) (3 pF, 4.2:1). The arc current was 
measured by a Rogowski coil.  

For the permanent magnet operating mechanism, the average 
opening velocity remained quite stable during the experiments. 
The opening velocity for the tested vacuum interrupters was 1.2 
m/s, and the scatter of the arcing time was controlled below 1 ms. 
The gap length of the tested vacuum interrupter was measured as 
~10 mm when the voltage impulses were applied to the contacts. 
To ensure the accuracy of gap length at current zero, we used a 
KTC-100 type linear displacement transducer to measure the 
displacement of the actuator during the experiments, as shown in 
Figure 5. 
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Figure 3． Waveforms around current zero point. A negative voltage impulse was 
applied to a pair of contacts of a tested vacuum interrupter after a predetermined 
interval ΔT. The detailed waveform of the impulse is shown in Figure 4.  

 
Figure 4．Waveform of a voltage impulse. The impulse peaked at 90 kV with 
a rising time of 150 ns (rate of rise ~480 kV/μs). 

	
Figure 5．Waveform of arc current, arc voltage, and displacement curve of 
moving contact. 

A high-speed charge-coupled device (CCD) video camera 
Phantom V10 was used to record the evolution of the vacuum 
arc modes in the experiments. The recording velocity was set 
to 4000 frames per second. The camera aperture was fixed at 
4, and the exposure time was set at 2 μs. 

3 RESULTS 

3.1 THE OBSERVATION OF VACUUM ARCS  

As shown in Figure 6 the arc voltages for the three kinds of 
contact materials remained in the range of 10 to 35 V and 
appeared smooth during the arcing period. Figure 7 through 
Figure 12 show an observation of vacuum arcs of Cu, CuCr25, 
and CuCr50 contact materials until 2.1 kA arc current (peak 
value) extinction. The upper contacts were anodes, and the lower 

contacts were cathodes. Figure 7 through Figure 8 show the 
cases where contact diameter was 12 mm and the contact 
materials were Cu, CuCr25, and CuCr50, respectively. Figure 10 
through Figure 12 show the cases where contact diameter was 25 
mm and the contact materials were Cu, CuCr25, and CuCr50, 
respectively. As shown in Figure 7 toFigure 12, the vacuum arcs 
for the three materials remained in a diffuse arc mode during the 
arcing period. Moreover, the anode in the experiments acted as a 
passive collector of electrons which were emitted from cathode 
spots without anode spots or foot point formed on the contacts.   

 
Figure 6. Arc voltage. Peak current: 2.1 kA. (a): Cu, Φ=12 mm; (b): Cu, Φ
=25 mm; (c): CuCr25, Φ=12 mm; (d): CuCr25, Φ=25 mm; (e): CuCr50, Φ
=12 mm; (f): CuCr50, Φ=25 mm; 

3.2 MEASUREMENT OF FREE RECOVERY 
BEHAVIORS AFTER EXTINCTION 

Figure 13 through Figure 15 show free recovery behaviors 
of Cu, CuCr25, and CuCr50 contact materials after 2.1 kA arc 
current (peak value) extinction ，  which was below a 
threshold current of appearing high current anode phenomena. 
The contact diameters were 12 and 25 mm, respectively. After 
repeating the application of the voltage impulses, we obtained 
the free recovery behaviors of the tested vacuum interrupters. 
In Figure 13 through Figure 15, the crosses represent that the 
gap could not withstand the voltage impulse at that instant, 
and the circles indicate that no breakdown occurred. 

As Figure 13 through Figure 15 show, the breakdown voltage 
did not increase continuously after current zero. However, the 
figures do show a stepwise behavior in the free recovery process 
and the voltage stepped from ~28 to ~70 kV at ~4 μs after 
current zero. The stepwise free recovery behavior dominated all 
the investigated contact materials and contact diameters. The 
measured data can be divided into three zones: a low voltage 
zone, a high voltage zone, and a transition zone. 
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Figure 7.	 Vacuum arc images of Cu contacts. Peak current: 2.1 kA. Contact 
diameter: 12 mm. The time indicates the amount of time from contact separation. 

 
Figure 8.	 Vacuum arc images of CuCr25 contacts. Peak current: 2.1 kA. Contact 
diameter: 12 mm. The time indicates the amount of time from contact separation. 

 
Figure 9．Vacuum arc images of CuCr50 contacts. Peak current: 2.1 kA. Contact 
diameter: 12 mm. The time indicates the amount of time from contact separation. 

 
Figure 10.	 Vacuum arc images of Cu contacts. Peak current: 2.1 kA. Contact 
diameter: 25 mm. The time indicates the amount of time from contact separation. 

 
Figure 11.	 Vacuum arc images of CuCr25 contacts. Peak current: 2.1 kA. 
Contact diameter: 25 mm. The time indicates the amount of time from contact 
separation. 

 
Figure 12.	 Vacuum arc images of CuCr50 contacts. Peak current: 2.1 kA. 
Contact diameter: 25 mm. The time indicates the amount of time from contact 
separation. 

 

In the low voltage zone, which began from 0μs to ~4 μs 
after current zero, the breakdown voltage fluctuated between 
15 kV and 45 kV, and the mean breakdown voltage for the 
three contact materials was 28 kV (contact diameter:12 and 25 
mm). 

In the transition zone, which began from 3 to 6 μs after arc 
extinction and the medium value for the stepping was ~4 μs, 
the breakdown voltage rose from ~28 to ~70 kV. The width 
variation of the transition zone was from 1 to 3 μs. 

In the high voltage zone, which began from ~4 to ~15 μs 
after current zero, the mean breakdown voltages for the three 
kinds of materials leveled off at ~70 kV. Also, we observed 
that the voltage pulses impressed across the contact gaps did 
not lead to a breakdown every time. Moreover, the contact 
diameters (12 and 25 mm) have little influence on the final 
breakdown voltage for the same contact material. 

4 DISCUSSION 
As shown in Figure 13 through Figure 15, there is a 

stepwise jump of the breakdown voltage in the free recovery 
processes. The voltage stepped from ~28 to ~70 kV at ~4 μs 
after current zero indicating a fast recovery process following 
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(a) 

 
(b) 

Figure 13． Dielectric recovery behaviors of Cu contacts. Contact diameter: (a) Φ
=12 mm; (b) Φ=25 mm. Cross: breakdown voltage; Circle: no breakdown occurred. 

 
(a) 

 
(b) 

Figure 14. Dielectric recovery behaviors of CuCr25 contacts. Contact 
diameter: (a) Φ=12 mm; (b) Φ=25 mm. Cross: breakdown voltage; Circle: no 
breakdown occurred.	

 
(a) 

 
(b) 

Figure 15 ． Dielectric recovery behaviors of CuCr50 contacts. Contact 
diameter: (a) Φ=12 mm; (b) Φ=25 mm. Cross: breakdown voltage; Circle: no 
breakdown occurred.	
a low current extinction. The stepwise free recovery processes 
may be caused by the decay of residual particles such as metal 
vapor, ions, and droplets. The particles that are produced 
during the arcing time remain in the gap after current 
extinction and decay over time. In this section, we will discuss 
the effect of metal vapor and ions during the recovery process 
and interpret the stepwise behavior in the experiments. 

4.1 THE EFFECT OF METAL VAPOR 
First, we consider the effect of metal vapor in a free recovery 

process. It is difficult to find an accurate model to describe the 
metal vapor recovery process because of its complexity. However, 
the model of Rich and Farrall [9] provides us with a quantitative 
way to calculate metal vapor density after current extinctions.  

We adopt the formula of Lins [10] to calculate the initial 
density of the metal vapor n after current extinction： 

 
2 2

( ) ( sin cos )tmS
n t t t e     

 
  


 (1) 

where Sm is the rate at which the metal atom is evaporated from 
contact surfaces, β represents the particle loss per second at 
the bounding surfaces of the gap volumes, and ω is the angular 
frequency of the current. Moreover,  
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m
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mV
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where E is the erosion rate of the contact materials, Im is the 
peak value of currents, m is the mass of a metal atom, and K is a 
parameter to adjust metal vapor generation rates. V=πR2L 
represents the gap volume where R is the radius of the contact 
and L is the gap length. In addition, if we assume that the 
condensation coefficients Ci for the contact surfaces are equal to 
1, the particle loss rate can be rewritten as: 

 
2

2

8 2

4 4
i iv AC kT RL R
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 
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where v is mean thermal velocity, Ai is the surface area of the ith 
surface, Ci is the condensation coefficient of ith surface, m is the 
mass of a metal atom, k is Boltzmann's constant, and T is the 
temperature of metal vapor. We used 2000 K as the metal vapor 
temperature [11-13]. We employed 115 μg/C [14], 33.2 μg/C, 
and 31 μg/C [15] as the erosion rates for Cu, CuCr25 and 
CuCr50 contact materials, respectively. In addition, we set K at 
8% as Lins did [10]. 

The expression for the metal vapor density at the center of the 
gap volume at time t after current extinction can be described by:  

 2

1

0

1 1
(0, , ) [1 ] [ ( )( )]

2 2

L L
n t n e erf

R





   (4) 

where 2t kT

R m
   and 

2

0

2
( )

x terf x e dt


   represents 

an error function. So, the decay of the metal vapor density for 
those contacts with a contact diameter of 12mm in our 
experiments is shown in Figure 16 and the decay for those 
contacts with a diameter of 25 mm is shown in Figure 17. 

As shown in Figure 16 and Figure 17, the initial densities of 
the metal vapor for the three contact materials are of the same 
order of 1018/m3 and decay exponentially over the recovery 
time. Furthermore, the calculated results are similar to the 
experimental results obtained by Lins [6], Gellert et al [12], 
and Takahashi et al [16]. Rich and Farrall [9] concluded that 
the decay of metal vapor dominates the recovery process after a 
diffuse vacuum arc extinction and that the recovery process 
will end when the metal vapor density drops below the level 
where the electron's mean free path in the vapor is similar to 
the gap length. Frind et al [17] confirmed this conclusion by 
investigating the recovery process after interrupting a high 
current that was above the threshold to form an anode spot. 

 
 Figure 16. Decay over time of the metal vapor density for contacts with a 
diameter of 12 mm. 

 
Figure 17.	 Decay over time of the metal vapor density for contacts with a 
diameter of 25 mm.	

However, we may not attribute the stepwise free recovery 
process in our experiments to the decay of the metal vapor. It is 
shown in Figure 16 and Figure 17 that the fast decay of metal 
vapor density ranges on the order of ~10 μs rather than ~4 μs, as 
shown in Figure 13-Figure 15. So, the metal vapor dissipation 
cannot explain the stepwise behaviors in the experiments in the 
sense of time scale. Schade and Dullni [2] proposed a critical 
value of nd=31019/m2 to determine an instant breakdown. If 
the product of metal vapor density and contact gap is below the 
critical value, breakdown may be attributed to a type of delayed 
breakdown. In our case, the maximum value of nd is 51016/m2, 
which is three order lower than the critical value. Since the arc 
current in the tests was so low and the arc mode was in a diffuse 
mode, metal vapor density decayed while the arc was still 
burning. Thus, only a small quantity of metal vapor remained 
after arc extinction, in contrast to a high current interruption. 
Therefore, the reason for the free stepwise dielectric recovery 
behavior after current zero cannot be due to metal vapor alone. 

4.2 THE EFFECT OF IONS 
Residual plasma which is composed of ions and electrons 

also has influence on dielectric recovery processes.  There are 
many researchers [4, 18, 19] who focused on sheath 
development when a TRV is applied upon the residual plasma 
resulting in a post-arc current after current zero. After current 
zero, the voltage across the inter-electrode plasma changes its 
polarity. Under the influence of the TRV the electrons quickly 
reverse their moving direction toward the post-arc anode, and 
the heavier positive ions first remain there. Thus, a sheath 
forms in front of the post-arc cathode and develops toward the 
post-arc anode associated with a post-arc current. This sheath 
takes the whole TRV. When the sheath is too small ，
breakdown occurs. 

In this paper, a simpler situation is considered - a free 
dielectric recovery process, which means there is no TRV 
applied in a dielectric recovery process of a vacuum interrupter. 
In such a situation, the post-arc current is not notable. However, 
in this simpler situation, one is easier to focus on a "free" 
dissipation process of the inter-electrode particles. Based on an 
understanding of the free dielectric recovery process, one is 
possible to get further insight of a dielectric recovery process in 
a vacuum interrupter under TRV. 
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In the free recovery process the decay rate of ions is much 
slower than that of electrons. Although the ions may dissipate 
from the switching gap in ~1 μs based on the calculation of the 
Maxwellian velocity distribution [1], some experimental results 
[4, 18, 20] indicated that the decay time for the ions may be 
longer than the time calculated by the Maxwellian velocity 
distribution function. In other words, some ions that have very 
low velocities may remain after interrupting a vacuum arc, and 
Dullni et al. called them "slow ions" [3]. However, the Rich-
Farrall model is not applicable in the “slow ion” case because 
the effect of collisions is not considered.  

In order to calculate the decay time of the ions, we adopt a 
Particle in Cell – Monte Carlo Collision (PIC-MCC) method to 
describe an ion transport after vacuum arc extinction. The 
method consists of four modules including movement module, 
collision module, weighting module and electric field 
calculation module as shown in Figure 18. In the particles 
movement module, one can obtain the motion of charged 
particles by solving Newton’s equation: 

 
d v qE

dt m


 
 (5) 

where v is the velocity of the charged particles, q is the electric 
charge, m is the mass of the charged particles, and E is the 
electric field that forces charged particles to move. The collision 
module is used to model collisions between particles and 
background neutrals by the Monte Carlo method based on atomic 
cross-sections. The weighting module obtains the density of the 
charged particles and distributes them to the cell grids. The 
electric field module calculates the electric field at grids by 
solving Poisson’s equation: 

 2

0

( )i e

e
n n


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where φ is the electric potential of the field, ε0 is the vacuum 
permittivity, e is electron charge, ni is ion density, and ne is 
electron density. Furthermore, the electric field force is provided 
to the movement module, which continues to simulate the motion 
of the charged particles. A review of the PIC-MCC method can 
be found in [21]. 

With the aid of PIC-MCC method, one can calculate the decay 
rate of Cu ions in free recovery processes considering the collisions 
between the charged particles and background neutrals. A 2D 
cylindrical model is developed with a gap length of 10 mm 
between the contacts. The contact diameters are 12 and 25 mm, 
respectively. The initial plasma density is 1017/m3[7] which was 
measured by Lins after artificial interruption  of  a  sinusoidal  
current  of  200 A. The background neutral density is 1018/m3 in 
accord with section 4.1. We assume a Maxwellian velocity 
distribution for the ions and electrons at temperature 0.2 and 1 eV 
[22-25] at the start of free recovery. We consider the influence of 
ion-neutral and electron-neutral collisions. The cross-section curve 
for Cu atoms can be found in [26]. There is no secondary emission 
from the contact surfaces considered during the simulation 
processes, and the charged particles are absorbed by the boundaries 
when the particles achieve the boundaries of the model. The grid 
spacing is equal to one Debye length and the time step is equal to a 
tenth of    plasma oscillation period. 

 
Figure 18. Computing sequence for PIC-MCC method. 

 
As shown in Figure 19, the ion density was 1017/m3 at current 

zero and dropped to 1014 /m3 in ~4 μs, taking into account the 
collision effect. However, if the ions leave the gap freely without 
the collisions, the ion density dropped from 1017/m3 to 1014/m3 in 
~0.5 μs. The decay time for the ions without the collisions is 
much faster than it is with the collisions. The decay rates 
calculated in our model are similar to the results measured by 
Lins [7]. Moreover, the ion density falls by three orders of 
magnitude in ~4 μs.   

 
Figure 19．Decay over time of the ion density for contacts with a diameter of 
12/25 mm. The initial ion density is assumed to be a Maxwellian velocity 
distribution. Contact material: Cu; Ion temperature: 0.2 eV; Electron 
temperature: 1 eV.	

The decay of the ions may have a strong impact on the free 
recovery behaviors after current zero. Compared to the decay 
time scale for the metal vapor ~10 μs, the decay time scale ~4μs 
for the ions is much closer to the time point of the stepwise 
behavior when the breakdown voltage jumped. The ion density 
falls by three orders of magnitude while the metal vapor density 
remains almost constant. Thus, the explanation for the stepwise 
behavior of the free recovery is more likely to be related to the 
influence of the ions rather than that of the metal vapor. 
Nevertheless, metal vapor, which serves as background neutrals, 
still be necessary for breakdown to occur. According to the 
calculation by Wang et al [27], the residual charge after 
extinction has a significant influence on the distribution of the 
electric field in vacuum interrupters. They pointed out that if the 
residual charge reaches a certain value, the electric field intensity 
on the surface of the contacts and shields may rise steeply and 
this has a significant influence the breakdown effect of the 
vacuum interrupters. 
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On the basis of the above analysis, we intend to attribute the 
stepwise breakdown behavior in a free dielectric recovery 
process after interrupting a diffuse vacuum arc to an ion-assisted 
breakdown. The possibility of a breakdown drops with the decay 
of the ion density, and the voltage impulse cannot initiate a 
breakdown if the ion density drops to a certain level. Moreover, 
the metal vapor which plays an effective role in the collision 
processes also has an influence on the decay of ions. 

CONCLUSIONS 
 We observed the free recovery behaviors of Cu, CuCr25, 

and CuCr50 contact materials after diffuse vacuum arcs 
extinction by using a voltage impulse that peaks at 90 kV with a 
rising time of 150 ns (rate of rise 480 kV/μs). The diameters of 
the contacts were 12 and 25 mm, respectively. The arc current 
peaks at 2.1 kA with a frequency of 50 Hz, and the arcing time 
is about 9 ms. The gap length was about 10 mm when the 
voltage impulses were applied onto the contacts. In addition, we 
observed the vacuum arc for the three kinds of materials in 
order to confirm that the arcs remained in a diffuse mode during 
the arcing period. The results show that the free recovery 
behaviors stepped from ~28 to ~70 kV at ~4 μs after arc 
extinction for the three kinds of contact materials with these two 
contact diameters. On the basis of calculation results of 
dissipation of metal vapor and ion density, we conclude that the 
decay of ions, rather than metal vapor, plays an important role in 
the free recovery process after interrupting a diffuse vacuum arc. 
Nevertheless, metal vapor, which serves as background neutrals, 
still takes an effective role for breakdown to occur. 
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