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Abstract: - The purpose of this research was to investigate instability phenomena in low-current metal vacuum 
arc using the calculation data comparison with the experimental data. The instability phenomena are 
characterized by noise on the current trace prior to the actual current chopping. The instability current was 
investigated for various electrode materials. To study the parameters affecting the stability arc factors, the 
parameter scan of cathode materials and ion current fraction by numerical analysis, it was found that the critical 
current of the stable current is highly dependent on the thermal conductivity of the cathode material. However, 
the thermal conductivity effect on the instability phenomena of low-current metal vacuum arc was important 
for low surge switching electrode material development. Therefore, the experiment of major commercial 
switching electrode such as Ag-Pd is performed in this study. The arc during time and the maximum arc current 
were fixed to 8 ms and 100 A, respectively. The vacuum was maintained to about 1*10-6  Pa.  The observed 
waveforms, instability current, chopping current are measured by the oscilloscope. As a result, the critical 
current of the stable current is inversely dependent on the thermal conductivity of the cathode material. This is 
very important result for the development of cathode materials for low-surge vacuum interrupters.  
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1 Introduction  
Ideally, in power vacuum switching device 
called upon to interrupt current in an arc circuit, 
a stability of arc discharge should persist 
between its separating contacts until the arc 
current reaches its natural sinusoidal zero. In 
reality, however, the arc current flow is 
interrupted prior to this moment at actual 
current values ranging 2-10 A. Failure to carry 
the arc current gradually to zero is called current 
chopping. In this way, overvoltages are 
generated, caused by the magnetic energy still 
trapped in the circuit’s main inductance. 
Chopping current strongly depends on the 
contact material of vacuum switching devices 
[1]-[6]. Prior to the chopping current of a metal 
vacuum arc shortly before the natural sinusoidal 
current zero, the instability phenomena 
characterized by noise occurs on the current 
trace. The phenomenon of cathode spot of low-
current vacuum arc discharge continues to cause 

confusion in spite of progress in understanding the 
processes of instability phenomena. The qualitative 
discussion of physical mechanism of the stability 
phenomena of a low-current metal vacuum arc as 
shown in Fig. 1-2 remains unclear[4]-[8]. These 
investigations are very important for the 
development of cathode materials for low-surge 
switching vacuum circuit breakers. It is believed that 
the parameters of the instabilities directly reflect the 
interruption characteristics of the cathode material. 
However, in order to clarify the instability 
phenomena characterized by noise on the current 
trace prior to the actual current chopping, the 
chopping and instability current for the major 
commercial switching cathode material such as pure 
silver and compound silver with palladium were 
performed in this study. A single cathode spot of 
low-current vacuum arc as shown in Fig.3 is 
performed. In order to confirm the validity of the 
study, the analytical results are compared with 
experimental results.  
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Fig. 1. Typical Instability Arc Current 

 

Fig 2. A Single Cathode Spot 
     

 

 

 

 

 

 

 

 

Fig.3. Cathode spot model 

2. Analytical  Model[4] 
In order to confirm the effect of low thermal 
conductivity, the cathode spot model is used with 
various values of thermal conductivity as shown in 
Fig. 4.The cathode spot model assumes that the 
collisionless sheath and collisional plasma are 
directly connected by neglecting the transition 
region, as shown in Fig.6. All of the dependent 
variables have been treated as average values over 
the spot area r ≤ a. Eight equations arc required to 
determine the eight dependent variables. Due to the 
lack of a simple exact formula to determine the 
sheath voltage Vp, some other means is required. 
The experimental data of cathode input Veff (I) and 
ion current fraction δ(I) flowing towards the anode 
were applied to obtain the solution of an equation in 
eight dependent variables.  
 
3. System of Equations [4] 
3.1 Nomentclature 
1. Independent Variable  
I  Arc  current (A)           
2. Experimental Data  

)I(δ      Ion current fraction flowing toward the 
anode (10% of arc current) 

( )IVeff   Effective cathode heating voltage (V) 
3. Dependent Variables    
S Electron current fraction 
T  Temperature of cathode spot surface (K) 

oF  Cathode electric field (V/m) 
 a         Cathode spot radius (m) 

eT  Electron temperature (K) 

pV  Sheath voltage (V) 
J Current density (A/m2) 

oN  Plasma density (1/m3) 
4. Physical Properties and Constant  

evP  Evaporation energy (W/m2s) 

)T(Ho  Heat of evaporation per atom  (J/atom) 

evΓ  Evaporation rate (kg/m2s) 
K  Thermal conductivity (W/mK) 

oΦ  Work function of Silver (eV) 
A  Richardson’s constant  (A/m2K2) 

iV  Ionization voltage of Silver  (eV) 

)T,F( oΦ  Cooling effect of electron emission (eV) 
q  Electronic charge (C)  
k  Boltzmann’s constant (J/K)  
M  Mass of atom and ion of silver (kg) 
m  Electronic mass (kg) 

3.2 Sheath region equation  
1) Current  Equation                                                    
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All  of the cathode spot variables assumed 
constant across the cathode diameter,a2 . The 
relationship between arc current, current density 
and cathode spot radius is expressed as equation 
(1). 

 

JaI 2π=                                                      (1) 
 

2) Equation of Mass Flow and Ion Current  
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     The right hand-side of equation (2) is the mass 
flow to the anode provided by the ion current. The 
ion current density (1-S)J in the pace charge sheath 
is assumed to be equal to the ion saturation current 
density of collisional plasma. Thus, equation (3) is 
concluded as 
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3) Electron Current 
     The electron current from the cathode is 
determined primarily via by the thermionic 
mechanism, together with the Schottky effect.  
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4) Electric Field of the Cathode Surface   

     The equation of the electric field of the cathode 
surface is given by the Mackeown equation, 
including the effect of the space charge of the 
electrons returning from the collisional plasma to the 
sheath.  
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5) Energy Balance at the Cathode Spot 
Surface[14]              

        effo JV
3π

8a
164)(0.48TK =+                     (6) 

( ) ( )( ) )(),(1 0 TPTFSJTHVVJSJV evooipeff −Φ−+Φ−+−=                        

(7)  
     The first term of the right-hand side of equation 
(7) is the input due to the ion bombardment, the 
second term is the power dissipated by the electron 
emission, and the third term is the power dissipated 
by vaporization.  
 
3.3 Equation of the Plasma Region  

1) Particle Conservation 
The equation of particle conservation is the same 

as that for equation (2). 
2) Energy Conservation of the Collision al 

Plasma. 
  The energy loss due to the flow of ions and 
electrons is equal to the acquired energy due to the 
electric field.  

( ) 2851.022 Ja
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     The first term of the left hand–side of 
equation (8) represents the energy flow into the 
cathode and the anode, and the second term is 
the power required by ionization. The right-
hand side is the input power to the plasma by 
joule heating. 
 
8. EXPERIMENTAL DATA  
The experimental data for cathode input )(IVeff  

obtained using the calorimetric method [4] is shown 
in Fig. 3. The ion current fraction )(Iδ  is set to 0.1 
[5-6]. 

 

 

 

 

 

 

 

 

Fig. 4. Cathode input 
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9. Analytical  Results 
The simultaneous algebraic equation (1) – (8) are 
solved numerically using a bisection method. In the 
present study, the dependent variables are obtained for arc 
currents raging from 19-70 A, as shown in Figs.5-8. At 
the arc current of 21.4 A, the cathode electric field, 
Fo , and the electron current fraction, s, change 
rapidly. When the arc current decreases below 21.4 
A, no real solution exists. As the arc current 
decreases, the current density increases in high 
value. For this condition, the plasma density also 

becomes very high. As a result, 2oF  becomes 

negative due to the effect of the space charge of the 
electrons returning from the collisional plasma to the 
sheath. The current of 21.4 A may correspond to the 
instability onset current, as previously proposed. 
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Fig.5 Electron temperature and sheath voltage 
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Fig.6. Cathode temperature and electron current 
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Fig.7. Cathode electric field and cathode spot radius 
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Fig.8. Current density and plasma density 

 

10. Parameters Effect to Stable Arc 
Current 
In this study, the effect of the physical 
characteristics of the cathode material, work 
function, thermal conductivity and the experimental 
data, ion current fraction flowing to anode are 
considered.  
 
10.1 Ion current fraction effect  
The value of ion current fraction is set ranging from 
0.05 to 0.15 for checking the effect to minimum 
stable arc current. The calculation results are shown 
in Fig. 9. 
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Fig.9. Ion current fraction vs  Stable arc current  
 
10.2 Work function effect 
The value of work function is set ranging from 4.16 
to 4.40 eV for checking the effect to minimum stable 
arc current. The calculation results are shown in Fig. 
10. 
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Fig. 10 Work function vs Stable arc current  
 
10.3 Thermal conductivity effect  
Pure silver Ag and Ag-Pd alloys were made using a 
vacuum melting process. The thermal conductivity 
for Ag-Pd alloys has been calculated from 
Wienemamn-Franz’s law [7]. The relationship 
between the compositions and thermal conductivities 
of Ag-Pd is shown in Fig 11. The thermal 

conductivity is set ranging from 250 to 429 W/mK 
for checking the effect on minimum stable arc 
current. The calculation results are shown in Fig. 12. 

.  
 
Fig. 11 Silver thermal conductivity vs palladium             
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Fig. 12 Work function vs Stable arc current  

To study the parameters affecting the stability arc 
factors, the parameter scan of cathode materials and 
the experimental data by numerical analysis, it was 
found that the critical current of the stable current is 
relatively insensitive to the work function and ion 
current fraction. However, it is highly 
dependent on the thermal conductivity of the 
cathode material [9]-[14]. This is a very 
important result for the development of cathode 
materials for low-surge vacuum interrupters.  
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11. Experimental setup 
In order to carry out the experimental investigation 
of a single cathode spot vacuum arc, the 
experimental setup as shown in Fig.13 was used. 
The experiments were conducted in a vacuum-
trigger gap with a 39-mm diameter silver cathode 
and 120-mm diameter anode and 25 mm separation. 
The vacuum chamber was evacuated as below 1×10-

6 Pa. After triggering the vacuum gap, the maximum 
arc current 100 A with 8 ms discharge time was 
supplied by a capacitor bank through resistance to 
electrodes as shown in Fig. 15.  
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Fig 13. Experimental setup 

 

Fig. 14 Position of plane probe 

 

Fig.15. Arc current wave form 

 

Fig. 16 Vp-Ip Characteristic 
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Fig. 17 V―I characteristic of probe at 10 mm from 
cathode. 
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Fig. 18 V―I characteristic of probe at 18 mm from 
cathode. 

12. Electrostatic Probe Measurement   
12.1. V-I characteristic 
In the present study, a single electrostatic probe 
measurement of electron temperature was conducted 
for a single spot vacuum arc as shown in Fig. 2. The 
electron temperature Te is derived from V-I 
characteristic as per the conventional procedure. A 
V-I characteristic of a single electrostatic probe was 
measured by supplying a sweep voltage ranging 
from –20 to +10 V. The sweep time of the probe 
voltage, typically T=2.5μs as shown in Fig. 13 and 
Fig. 15-16, was set to be longer than the time for 
plasma ion frequency in order to measure only the 
conduction current, and not include the capacitive 
current as in the usual measurement [6].  
 

12.2 Collisionless plasma and electric-field-free 
condition 
Typical plasma parameters of the diffused plasma 
were an electron temperature of 2.5 eV and an 
electron density of 4.5×1019m-3. The mean free path 
of the electron was estimated using the experimental 
data to be approximately 10-20 mm. Most of the 
diffused plasma was considered to be collisionless, 
except in the vicinity of the cathode spot area. In 
addition, the electric-field-free condition of the 
diffused plasma was confirmed by comparing the 
space potential of different points and the anode 
potential. The plasma space potential (Ez) at the 
points 10 mm and 18 mm from the cathode are equal 
to zero, which reveals the electric-field-free 
condition in the diffused plasma as shown in Fig. 
17-18.  The plasma space potential at 10 mm, 18 

mm  from cathode by V-I characteristic is  Vs = 0 
and dVs/dZ  = Ez = 0 .  
 

13. Experimental Results 
The measured electron temperature was found to 
increase with decreasing arc current, and the 
experimental values were similar to those obtained 
analytically, as shown in Fig. 19-20.  
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Fig. 19. Analytical value and experimental value. 
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14. Conclusion 
The instability arc phenomena are explained in the 
way that the electrons returning to the sheath region 
from the plasma one dominate over positive ions 
then the stable ion sheath criterion does not satisfy. 
This is the physical explanation for the initiation of 
arc current instability. To study the parameters 
affecting the stability arc factors, the parameter scan 
of cathode materials and the experimental data by 
numerical analysis, it was found that the critical 
current of the stable current is relatively insensitive 
to the work function and ion current fraction. [13]-
15]. However, it is highly dependent on the thermal 
conductivity of the cathode material. This is a very 
important result for the development of cathode 
materials for low-surge vacuum interrupters.  
Finally, it can be concluded that the results obtained 
by this study clearly demonstrate the physical 
mechanism of current instability occurrence. The 
increase of stable arc current is performed by 
material composition for reducing thermal 
conductivity by increasing the percentage of 
palladium. It may be interpreted that the cathode 
spot is difficult to become cool and that its 
temperature remains higher as thermal conductivity 
becomes smaller [16]-[23]. For this reason, the 
cathode spot keeps stable at a smaller low arc 
current for supplying metal vapour to the vacuum 
discharge gap. According to Fig. 20-21, it was found 
that the experimental results of the instability-
initiative current were similar to Analytical model 
results. This is very important result for the 
development of cathode materials for low-surge 
vacuum interrupters [24]-[28].  
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         Experimental results  vs Thermal Conductivity 

 References: 
 

[1] R.P.P. Smeets, “Stability of low-current vacuum 
arcs,” J. Phys. D: Appl. Phys., vol. 19, pp. 575-
587, 1986.  

[2] T. Hosokawa: “Recent Progress in Vacuum”, 
T.IEE Japan, Vol. 116-A, No. 11, pp. 907-911 
(1996-11) (in Japanese) 

[3] T.H.Lee & A. Greenwood :  “Theory for the 
cathode mechanism in metal vapor arcs” , 
J.Appl.Phys., 32, 916, 1961 

[4] O.Morimiya, S. Suzuki and K. Watanabe, “An 
analysis of the in stability phenomena of a low 
current vacuum arc,” Trans. IEE of Japan.,vol. 
119-A, No. 2, 1999. 

[5] J.E. Daalder: “Energy Dissipation in the Cathode 
of a Vacuum Arc”, J.Phys. D, Vol. 10, pp. 
2225-2234, 1977  

[6] R.H. Huddlestone, Ed., “ Plasma diagnostic 
techniques,” Academic, New York, Chap. 
4,1965 

[7] J.E. Daalder：“Cathode Spots and Vacuum 
Arcs”， Physica， Vol. 10C4， pp. 91-106 
,1981 

[8] V.M. Kulypin ： “Quantitative theory of 
cathode processes in an arc,” Soviet Phys., 
Tech., Phys.,16, pp.287, (1971) 

[9] A.J.T. Holms： “A theoretical model of 
mercury and vapor arcs,” J.Phys. D., 7, 
pp.1412, (1974) 

[10] Smeets, R.P.P.; Kaneko, E.; Ohshima, 
“Experimental characterization of arc 
instabilities and their effect on current chopping 
in low-surge vacuum interrupters”, IEEE Trans. 
Plasma Sci, vol. 20, pp. 439-446, Aug. 1992 

[11] Murphy and R.H. Good： ”Thermionic 
emission, field emission, and the transition 
region,” Phys. Rev., vol. 102, pp.1464-1473,
（1956.） 

[12] Braginski： “Transport processes in a 
plasma” in “Reviews of plasma physics” 
Acad.M.A.Leontovich (Editor), Consultant 
Bureau ,1965 

[13] K. Tsuruta, N. Tanaka, H. Kido, K.Hirai, 
and T. Yanagidai, “Ignition and instability of 
low-current DC vacuum arcs ignited by the 
opening of the electrodes,” IEEE Trans. Plasma 
Sci., vol. 29, pp. 671-674, Oct. 2001 

[14] C. Ding and S. Yanabu, “ Effect of parallel 
circuit parameters on the instability of a low-
current vacuum arc,” IEEE Trans.Plasma Sci., 
vol. 31, pp. 877-883, Oct. 2003 

 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
Narong Mungkung, Tanes Tanitteerapan, Somchai 
Arunrungrusmi, Weerachai Chaokumnerd, Toshifumi Yuji

ISSN: 1109-2734 535 Issue 6, Volume 8, June 2009



                                                                                                                                        Narong Mungkung, Tanes Tanitteerapan, Somchai                            
  WSEAS    TRANSACTIONS on CIRCUITS and  SYSTEMS                              Arunrungrusmi, Weerachai Choakumnerd, Toshifumi Yuji  

ISSN: 1109-2734                                                                                                                Issue 6,  Volume 8,  June 2009 

 

[15] J. Smithhells, “ Metal reference book,” p. 
1040, 1037 

[16] N. Mungkung, O. Morimiya and T. 
Kamikawaji, “ An analysis of the instability 
phenomena of a low-current vacuum arc for 
silver cathodes,” IEEE Trans. Plasma Sci., vol. 
31, No. 5, pp. 963-967, Oct. 2003 

[17] George A. Farrall, “Current Zero Phenomena” 
in “Vacuum Arcs”, J.M.Lafferty (Editor)、Jhon 
Wiley & Sons, pp. 197- 198（1980） 

[18] A. Yamamoto,T. Kasano,T. Seki, and T. 
Okutomi: “Effect of High Melting point 
Materials on Current Characteristics in Cu Base 
Contact Materials”, T.IEE Japan, Vol. 122-A, 
No.4, pp. 390-397 (2002-4) (in Japanese) 

[19] H.S. Carslaw and J.C. Jaeger., “Conduction 
of heat in solids”, Oxford, pp. 214-217  (1959) 

[20] J.A. Rich: “Resistance Heating in the Arc 
Cathode Spot Zone”，J. Appl. Phys.，Vol. 32，
No. 6，pp.1023-1031 (1961) 

[21] I.I. Beilis: “Current Continuity and 
Instability of the Mercury Vacuum Arc Cathode 
Spot”，IEEE，Trans. on Plasma Sci.，Vol. 24
，No. 4，pp. 1259-1270, 1996 

[22] K. Miyamoto: “Plasma Physic for Nuclear 
Fusion”, Iwanami, pp. 554-556, 1987 

[23] A.Anders, S.Anders, B.Juttner, W. 
Boetticher, H.Luck and G.Schroder: “Pulsed 
Dye Laser Diagnostics of Vacuum Arc Cathode 
Spots”, IEEE, Trans. on Plasma Sci., Vol. 20, 
No. 4, pp. 466-472, 1992 

[24] B.Juttner: “Cathode Spots of Electric Arcs”, 
J. Phys. D, Vol. 34, No. 17, pp. R103-R123, 
2001 

[25] F.Chen: “Introduction to Plasma Physic”, 
Plenum Press, New York, pp. 244-249, 1974 

[26] George A. Farrall, “Current Zero 
Phenomena” in “Vacuum Arcs”, 
J.M.Lafferty (Editor)、Jhon Wiley & Sons, 
pp. 197- 198, 1980 

[27] A. Yamamoto,T. Kasano,T. Seki, and T. 
Okutomi: “Effect of High Melting point 
Materials on Current Characteristics in Cu 
Base Contact Materials”, T.IEE Japan, Vol. 
122-A, No.4, pp. 390-397, 2002 (in 
Japanese) 

[28] G. Ecker, “Theoretical Aspects of the 
Vacuum Arc” in “Vacuum Arcs”, 
J.M.Lafferty (Editor)、 Jhon Wiley & Sons, 
pp. 265-266, 1980 

 

 

 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS
Narong Mungkung, Tanes Tanitteerapan, Somchai 
Arunrungrusmi, Weerachai Chaokumnerd, Toshifumi Yuji

ISSN: 1109-2734 536 Issue 6, Volume 8, June 2009




