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ABSTRACT 

This report shows the results of dc vacuum arc lifetime 
and arc voltage measurements for contacts with a different 
surface microstructure, which was realized by treating the 
contact surface with different roughness emery paper. Large 
influences of the contact surface microstructure on dc arc 
lifetime (several tens of times difference at most) , ·arc 
voltage (30% difference at most) and arc erosion behaviour 
have been found. The mechanism of the surface microstructure 
influence on de arc stability has been analysed and explained 
preliminarily. 
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1. INTRODUCTION 

The inf luence of the contact surf ace condi t ion on vacuum arc 

behaviour has been investigated for many years. but it is still 

consIdered as a complicated topic. For a given material. the 

subj ect has two fie Ids: one is contact surf ace contam.i nat ion and 

impurity. the other is contact surface microstructure. 

The influence of surface contamination on vacuum arc has been 

proved by many exper iments in recent years. Espec I a 11 y J,-it tner 

and his coworkers published many papers in this field [1-13J. 

They consider that a contaminated surface coincides with longer 

dc arc 1 ifetime. sma Iler cathode crater size. larger cathode 

erosion area, 

lower cathode 

measured the 

lower cathode erosion rate. lower arc voltage and 

spot current density. Other authors [14.1.5J 

ve loci ty of cathode spot decreased when contact 

surface becomes more clean. That the arc itself is an effectIve 

methode for cleaning cathode surface has also been found. A 

statement has been formulated[l6J: on the contamInated contact 

surface there is mainly one kind of cathode spot with the 

characteristics of fast moving and weak erosion(so called type I 

spots); on the clean contact surface there is mainly another kind 

of cathode spot with the characteristics of slow moving and 

strong erosion(so called type!1 spots). 

Only fe'v papers deal with the relation between arc behaviour and 

surface microstructure. Some authors think the effect of surface 

microstructure is not important[15.17]. Daalder[18] has shown the 

arc voltage has different values on polished(19 V). half 

polished(17 V) and roughened (16-17 V) copper contacts. 

Sethuraman[19J found that the direction of cathode spot motion is 

affected by cathode surface scratches. and that smaller craters 

appear on more rough surfaces. Ecker[20] proposed two theoretical 
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mode Is for cathode spots: spots on smooth surf ace and spots on 

rough surface (WI th average structura 1 microroughness and wi th 

individual structural roughness). But these models have not been 

checked by experimental work. 

Since it is well known that the smoother the cathode surface is 

the higher the breakdown voltage is, the vacuum circuit breaker 

manufacturer usually makes the contact surface as smooth as 

possible. But it is doubtful that the vacuum interrupter with the 

more smooth contact surface has the better characteristics of 

current interrupting. Therefore it is worth to study the 

influence of the degree of surface roughness on the current 

interrupting characteristics, such as the arc stability (directly 

related with current chopping), arc erosion, etc .. 

2. EXPERIMENTAL CIRCUIT 

The experimental circuit is shown in Fig.2.1. The DC supply 

consists of six 12V batteries. (The total voltage is 72 V.) The 

master switch (MS) is for saf ety reasons. I t I imi ts the maximum 

time of current flow. Its closing duration is normally 100 ms. 

The variable carbon moulded resistor (R) is used for adjusting 

the arc current. The circuit inherent inductance (L) and parastic 

capacitance (e) are about 20 liH and 400 pF respectively. The arc 

current is measured by means of a shunt (Rs )' The vacuum 

interrupter (VB) has been degassed and baked out for at least 16 

hours with the maximum temperature of 400°C before measurement. 
-6 The pressure inside the interrupter is in the order of 10 Pa. 

The average contact opening speed is about 2 m/s. The final 

distance between two contacts is 5 rom. 

, 
/ 
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Fig.2.2 CDntact configJl'-aticc. 

The contacts which has been used are made of OFHC copper. Their 

cOnflgUration is shown in Fig.2.2. The diameter of each contact 

is 30 mm. The edge curvature radius is 1.35 mm. The contacts are 

in parallel and the edges are rounded to uniform the electric 

field in the vacuum gap. Before the interrupter is assembled, the 

contacts have been etched in acid liquid for at least 5 mins. 

The contact surface roughness has been inf luenced by treating 

with different emery papers (No.P.220, P.400 and P.800., these 

numbers mean there are 220,400 and 800 silicon particles in 1 
2 mm.) and a rotating polishing disk (grain size 1 fim). The 

electric field enhancement factor P is taken as a measure for the 

degree of contact surface roughness. The gap distance(d) was 0.25 

mm. The emission current was limited at lower than 500 ,vA. The 

max. voltage over the gap was 5···10 KV which depends on the 

emission current. The Fowler-Nordheim plot is the curve of 
V 2 

Log10[I/(a) J as a function of (d/V). P can be obtained from the 

* FN plots. It is found that the value of f3 is larger for the 

contact surface treated with rougher emery paper. For instance, !3 

is roughly 800, 600 and 400 for the surface treated with P.220, 

P.400 and P.800 emery paper respectively; and /J is about 200 for 

the surface treated with a rotating polishing disk. 

* 

'I-' is the work function of cathode 
2.303x(-tg<J:) 

material, tg,I is the slope of FN curve[21J. 
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3. DETECTION OF THE CONTACT PRODUCTS EMITTED BY ARCS 

The residual gas content in the interrupter and the products 

emitted by the arc from surfaces with different microstructure 

were determined by mass spectrum analysis using a Balzers QMG 311 

Quadrupole mass spectrometer. 

interrupter as shown in Fig.3.1. 

It is mounted on the vacuum 

anal yzer 

ian 
getter .
I'Jmp 

i10 n sauce I 

grid 

QIQctron 
multiplier ..... oscilloscope 
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1) Residual gases analysis 

Fig.3.2 

( a) 

( b) 

o 10 20 30 40 50 60 
HIe 

4 

1 
2 3 5 

( c ) 

( d ) 

o 10 20 30 40 50 60 
M/e 

pal'e:" P.220 (al; P.400 (b); P.800 (c); am! a r·ot·,> 1'(1:7 

polishing disk (d). Possible 
+ + 

acC': 1) H
2

; 2l C ; 3) 

Before the ion source was applied, the pressure inside the 

interrupter was lower than 1x10-5 Pa. When the ion source was fed 

by a 0.1 rnA emission current, the pressure rose more than two 

time orders caused by filament heating. After the pressure had 

been decreased gradually by the ion getter pump, the ion source 

could be fed by a larger emission current up to 1 rnA and the 

pressure could be lower than 1X10-4 Pa. Fig.3.2 shows the 

residual gas signal of four interrupters with different surface 

roughness. The signals were all enhanced by a electron multiplier 

wi th a damping frequency of 300 Hz. One can see. there is no 

significant difference in the amounts of the various ions from 

the four interrupters, except mass 28 (CO or N2 ) in (d) is 18% 

higher than in others. It is therefore obvious, that the residual 
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2) The products from the contact surface emitted by the arc. 

As described above, the different degree of contact surface 

roughness is achieved by treatment with different emery paper or 

rotating polishing disk. The grinding material of the emery paper 

is si licon carbide (SiC). The polishing material of the rotating 

polishing disk is a diamond compound. Although all contacts have 

been we 11 c leaned and baked out after the mechanica 1 treatment, 

it cou Id happen that some part ic les, which were pressed in the 

contact surface layer from the polishing material. were sti 11 

there. These particles are one kind of the surface contamination. 

When an arc is drawn between contacts, these impurity particles 

will be heated by cathode spots and will be evaporated together 

with copper. 

The interesting point is the amount of impurity ions coming from 

surf aces with dif f erent degree of roughness during the arcing. 

This work has to be done very carefully to avoid inf luencing 

surf ace roughness and condition surf ace by doing measurements. 

The arc current must not be too large, otherwise it would erode 

the contact strongly; and it must not be too small, otherwise the 

lifetIme IS too short. the measurements can not be performed. The 

number of measurements should also be limited for the same 

reason. 

Fig.3.3 shows the ion current spectrum during arcing. 

ions have been found with the amplitude of the order 

The copper 
-8 of 10 A. 

The neutral particles from the arc can also be detected after 

they have been ionized by electron bombardment in the ion souce. 

For instance in Fig.3.4. 
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berar'e(inclucle GOppel"'), ddrinc} and d£t:,~.'j;" an :;:'iCC at J6 

paper"'. The m,':)s's ;:.:;C·,"1.J1 speed ;;iag .I' (M/e)/ms. (1) l'f'.peat:ed 

tor' ei~ch cy"c/r.=: : M/e 0-70; 

(2) enldi:""~}en,'eo( of f it'·::;t ~~'IGI~= (c(1r'";.l2 a: beFG1"e ,~~{-'G) 

and." f'Gur'(~·.f:.,: cycle (crJf'Tre d: <?ft."'!1"' ar'c) ,t"-j""om (1). 

Fig.3.4(1) shows the repeated mass spectrum of the ions with mass 

number from 0 to 70. The first cycle (a) was before arc ignition. 

The second cycle (b) was during arcing. The arc lifetime was 

about 10 ms which is much smaller than one cycle of mass scan (70 
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ms). Therefore during one arcing only one 

could be detected which can be C~, or C~+, 
kind 

C3+ u , 

copper ions 

I -k ~++ -
1 e '_U In 

cycle (b). The noise signal between the second cycle and the 

third cycle was vibration noise of the contact movement _ The 

third (c) (after 70ms) , fourth (d) (after 140ms) and fifth 

(e) (after 210ms) cycle were after the arc extinction. It is 

clearly shown in Fig.3.4(2) that the number of impurity ions were 

increased by arcing_ The largest yields were at mass number 28. 

They could be the ions of CO or N2 , Si from the cathode surface. 

Fig. 3.5 shows the re I ati ve percentage of impurity ion current 

Increased by arcing. The arc current was 16 A. The data are the 

average va lues of the first five measurements. The ion current 

before and after arc is defined as the peak height as in 

ia: refore arc 
id: after arc 

5 10 15 20 25 30 35 40 45M/e 
Fig 3.5 The relative percentage of impurity ion current 

increased by arcing."e": the surface polished with the 

rotating polishing disk.".","x", and 110": the surfaces 

treated with the emery paper No.P.220, P.400, and P.SOO 

respectively. 

One can see in Fig.3.5, that the impurity ion currents increased 

by arcing are nearly the same on four surfaces with different 

degree of roughness. But the max. impurity yie Id, increased by 
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arcing, is about 2% of the arc produced copper ion yield(see 

Fig.3.4 and Fig.3.3.l. Therefore the contacts with the different 

degree of surface roughness have nearly the same degree of 

surface contamination in our experiments. 

4. A CHECK OF THE DEPENDENCE OF MEASUREMENT DATA TO CONTACT 

CLEANING PROCEDURE. 

In the last section, the arc emitted impurity yield from the 

contact surface has been detected. Now, in order to check the 

respondency of measurement data to the effect of our contact 

cleaning procedure, a comparison has been done between two groups 

of experiments. The first group of experiments were done by using 

a contact which was just processed by drawing a large number of 

arcs with in total about 500 C transf erred charge. The second 

group of experiments were done by using a contact which was first 

processed by about 500 C arcs, secondly exposed in air for 132 

hours, then cleaned and baked out by the same procedure as 

described in section 2. The difference is then the degree of 

contamination, not the microstructure. 

The arc lifetime T is defined as in Fig.4.1. The average arc 
._. 

lifetime T is the arithmetic mean of a number of measured .,. 

values. It is known that the arc voltage consists of a certain dc 

level and an superimposed high frequency component. They are 

defined in Fig.4.2. The average arc lifetime ;':', arc voltage DC 

level and high frequency peak number per mi llisecond have been 

measured. The maximum relative deviation of the data between two 

groups is respectively 0.14 for average arc lifetime, 0.03 for 

arc voltage DC level, and 0.21 for arc voltage HF peak number per 

ms. These relative deviations are all similar to their own 

standard deviation of the measurement data. Therefore the 
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difference between two groups of data is negligible. The cleanIng 

procedure is sat isf actory. But one point has to be noted: the 

above comparIson is only a check for the contact surface oxide 

layer. A similar check for contacts contaminated by emery paper 

is almost impossible. 

~LT-J I-- I I J I 

, , 

~ ,oll[ 
I 

': J · ..... ·1'" ir , 12A-, 
, ,1ms , , I , 

I r - ---

L I , ,~ 
Fig.4.1 Brc current oscIllogram. 

Fig.4.2 

~I20V 

v 

v 

The acc TJ"altage oscilloqrf:l1'f1. V i!}f DC G(]mJ-1one.nt:~ V is HF 

component. 

(a) "hale signal; (b) enlarged part. 
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function of arc cur-rent. 

5. THE DC ARC LIFETIME MEASUREMENT. 

In many years of research. it is known. that the dc arc lifetime 

is directly related to arc stability. There are many factors 

affecting the arc stability[22. 23J. This section only focuses on 

the influence of contact surface microstructure on DC arc 

lifetime. 
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Four contacts have been used: "roughened" contact was treated 

with emery paper P220; "normal" contact was t.reat.ed with emery 

paper P800; "smooth" contact was polished by a rotating polishing 

disk with diamont compound and was conditioned by high voltage 

(the electric field enhancement factor fJ was about 100); "eroded" 

contact was processed by dc arc with the total transferred charge 

of 540 C. About 80% of contact surf ace has been covered by arc 

traces. The c leaning and baking out procedure of a 11 contacts 

were the same as described in section 2. The experimental circuit 

and the configuration of the contact were the same as shown in 

Flg.2.1 and Fig.2.2. The arc lifetime or is defined the same as in 

Fig.4.1. The average arc lifetime "[ is the arithmetic mean of 

twenty five measured values. The experiments were carried out 

from low current to high current for keeping the same primary 

surface condition as much as possible. The results are shown in 

Fig.S.l. 

It can be seen, that the arc lifetime for the "roughened" contact 

is longer than the arc lifetime for the "normal" contact. The arc 

lifetime for the "smooth" contact is shorter than that for the 

"norma 1" contact and a Imost the same as that for the arc eroded 

contact. It might be explained by the more scratches and 

protrusions on the rough contact and higher field enhancement at 

those locations. The cathode spots can jump easily among these 

scratches and protrus ions, therefore arc can sustain a longer 

time. Sethuraman also found the motion of cathode spot controlled 

by the surface scratches [19] . 
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0--- roughened contad 
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Fig.S.l 8veraqe arc lifetime versus arc current. 

1: L 
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roughened cont a:t 0.5 norfl&l conta: t 

10 12.8 A 0.4 11.7A 

6 0.3 

2 0.2 

5 5 10 15 20 

1: 1: 
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Fig.S.2 The typical distribution of fottr contacts. 

N is- the nrrmbf.'f"' of t."11f:! ;(!c..',_~r;·u.t·'E';'I·ICJ.1t:. 
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The arc lifetime has some variations during lifetime measurement 

as can be seen from the distribution of the arc lifetime as shown 

in Fig.5.2. There is an apparent decrease of lifetime during 

measurement on the "roughened" contact and also on the "normal" 

contact. But there is not such a tendency on the "smooth" contact 

and on the "arc eroded" contact. the lifetimes are rather stable 

in both cases. From this point of view. ·the arc itself has a 

tendency to "smooth" a contact surface. This might be the reason 

of the almost same arc lifetime on arc eroded contact and on 

smooth contact. 

(a) ( b) ( c ) 

(a) 51~DGtb contact; (b) !~l(jrHtdl C'Gf1t.EtCi'; 

(e) roughened contact. 

The different erosion areas on surfaces of different roughness 

have been observed. They are shown in Fig.5.3. The total 

transferred charges were respectively 50 C for smooth contact; 34 

C for normal contact and 32 C for roughened contact. The erosion 

area has been estimated as 15% for smooth contact, 30% for normal 

contact and 60% for roughened contact. It can be clearly seen. 

that the erosion area on the smooth contact was small. The 

craters overlapped. The erosion area on the roughened contact was 

diffused to a large part of contact surface. The craters were 
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more individual, and the crater size was smaller than on the 

smooth contact. The situation on the normal contact was in 

between the smooth contact and the roughened contact. The erosion 

behaviour on the rough surface has the characteristics of "type 

I" cathode spot; the erosion behaviour on the smooth surface has 

the characteristics of "type II" cathode spot. This means that at 

a certain degree of surface contamination, the different degree 

of surface roughness may also causes the different "type" of 

cathode spot. 

6. THE ARC VOLTAGE MEASUREMENTS. 

The arc vo I tage, as we 11 known, is strong ly dependent upon the 

cathode material. Arc voltage dependency on electrode diameter. 

electrode gap, and axial magnetic field etc. has also been 

found[21]. Here only the influence of contact surface 

microstructure will be studied for the cathode material copper. A 

typical arc voltage oscillogram is shown in Fig.4.2. 

1) Arc voltage dc component. 

Fig.6.1 shows volts-ampere characteristics of the arc from five 

contacts with different degree of roughness. Again the four 

contacts which are IIroughened", "normal!! i "smooth" and lI arc 

eroded" have been used. Besides, a "very rough" contact which was 

treated with emery paper No.P.60 also has been used. 
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The slopes dV/dI for four different contacts are approximately 

the Same. A higher dV/dI appears only on the arc eroded contact. 

The arc voltage at a given current is higher for smoother 

surface. The difference of more than 4 V between smooth surface 

and very rough surface is remarkable. The arc voltage of the arc 

eroded contact is near to that of the smooth contact. Detai led 

measurements, of the variation of the V-I characteristic for 

roughened contacts after charge transfer are shown in Fig.6.2. 

The arc voltage for roughened contact increased with the increase 

of transferred charge. The increasing of arc voltage was fast in 

the first 100 C of transferred charge. 
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2) Arc voltage high frequency component. 

Fig.6.3 shows the typical arc voltage and arc current 

oscil1ograms for the contacts with different degree of roughness. 

It has been noticed[221. that an arc voltage high frequenCY peak 

always coincides with an arc current instability dip. The higher 

the HF peak is, the deeper the current dip is. The measurements 

of the number of arc vo 1 tage HF peaks as a funct i on of the 

voltage level for some arc currents and some contact surface 

microstructures, are shown in Fig.6.4. The contacts used were: 

"roughened", "smooth" and "arc eroded". It is clear, that the arc 

voltage HF components are higher and more frequent for a lower 

arc current at a given contact surface microstructure and they 

are also higher and more frequent for a smoother surface at a 

glven arc current. The strongly eroded surface shows similar 
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behaviour as the smoother surface. 

The arc voltage (both de and HF component) is very sensitIve to 

surface microstructure. 
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I .Cl .. L 
(e) (d) 

..... ~ ··f· f ""'II. 
c t-

I ! 
I ...., 

Fig.6.3 Os"cil[aqr"ams ot dr'c T.Faltage and dl"C Gucr'eni: fo.;;-·' &"cmc 

(.:(Jntaci. surface miGl""'Gs·tcUGt':ur'es. CUf"'!"t:J[it .i$ 18 A Eo;.""' 

all fOtlr Ca5f;JS. (a) "f'=Tli700tfl" GC1ntEu:~t; (b)P800 cont-<J;:;f:; 

(c) P400 contact; (d) P220 contact. 
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7. ANALYSIS AND DISCUSSION. 

The results of measurements on arc lifetime and arc voltage have 

been shown in the previous part of this report. The apparent 

influences of the contact surface roughness on arc lifetime, arc 

vol tage and arc erosion behaviour have been comf irmed. The 

explanation of these phenomena is, however, complicated. A 

prelimInary attempt on the arc stability and erosion behaviour 

is given In thIS section. 

In order to simplify analysis, a single protrusion model will be 

used for simulating the arc erosion on the contact surface with a 

certain degree of roughness. Next presumptions have been made for 

a model. based on the work of Daalder[23]: (a) the constructure 

shape of protrusion is a coniform with a conical angle (8) and a 

height (e); (b) the direction of current flowing is homogeneously 

parallel to the radius of erosion layer into the cathode; (c) the 

erosion layer is a part of a spherical surface with radius rand 

conical angle iI. This model includes Daalder's model when 8 is 
(,j 

180 . It is shown in Fig.7.1. ra is the radius of a crater. When 

o 
8 is 180 , ra is r. 

Fig.7.1 Sur~Eace miGr~o~ttructuf"e included cal<.','u.lutiGn mod.;.?! f.,(:u" 

Considering the whole heat transfering procedure as adiabatic 

heat ing, the energy ba lance of the layer dr can be expressed 



as[23]: 
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2J' 228r, A = r , d~1 = 4 nr sin -'4-, r:, cos(8/2T-, 

(1) 

where ms is density of cathode material, Ie is electron current 

at cathode, c p is specific heat of the solid metal . .., (T) is 

temperature dependent electric resistivity, according to the law 

of Wiedemann-Franz-Lorenz: .., (T) =LT/r., L is the Lorenz constant. >. 
is the thermal conductivity, and is more or less a constant C\,l 

in solid state. At fusion point r. changes approximately 1/2, 

Therefore the time to remove cathode metal mass from the 

protrusion or to form a crater is: 

t«(:I) 

2 4 ' 4 8 161T r m r. Sln ,--- , 
S a 4 I - .. ------I2--~-·--,--,,-· , 
e 

when (:I 
o 

180 , then: 

t (180) 

dT 
C p 'f', (2) 

( 3) 

where To is the room temperature, Ts is the melting temperature, 

and Ps is the heat of melting. The radius of a crater for a given 
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current is: 

ra(B) = r(B) 'sin ~ . = K1 cos-!- (!2t) 1/4 

so r a (180) = r(180) - Kl ~./2 (I 2t)1/4 

Here K1 - { L/ [,,.2msAo ( 

2.88.10-5 m/(A2s)1/4. 

The mass removed from the cathode into plasma is 

MUI) = 

(4) 

(5) 

m v = s sin (8/4) 

so 

Here K2 = 

The removed metal mass per unit time (erosion speed) is: 

K (!2/t)3/4 
(~~) 8 =_?_-------._--

sin(B/4) 
( 8) 

(9 ) 

Here K3 = ~ K
2

; for copper K3 = 0.84'10-10 Kg/(A 2s)3/4. 

(6 ) 

( 7) 

Fig.7.2 shows the ratios of eroion times for constant erosion 

depth r and erosion depth. mass and speed for constant erosion 

time, all as fUnction of the conical angle 8. All quantitives are 

related to their equivalent fora flat surface surface (8 

180") . 
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It can be seen clearly that. (a). at a given current and time. 

the depth (r). the mass (M) and speed (dM/dt) of erosion for a 

protrusion on 
/--_. B 

1/[ 2'sin--4'-1 

the rough cathode are higher a factor of 

than for a crater on the flat cathode; (b). at a 

given current and erosion depth. the time (t) to vaporize the 

cathode metal for a protrusion on the rough cathode is shorter a 

factor of 4,sin4-%- than for a crater on the flat cathode. the 

radius and depth of 
. 8 d [1 of sln'2-' an 

respectively; (c) 

a crater for a protrusion is smaller a factor 
8 cos--2-1 respectively than for a flat cathode 

these increasing and decreasing factors are 

all conical angle dependent. the factors are more sensitive when 

8 is sma 11 er . 

By involving the comparison of the electric field enhancement 

between a smooth cathode and a rough cathode in Fig.7.3. the 

results of the experiments in section 5 can be explained as 

follows: In case of a rough cathode surface. in the neighbourhood 

of a certain spot emission area. there exists some protrusions 

where the local field is higher than the breakdown field. The 

field emission occurs easily on these protrusions. Once a 

emission area is formed on a protrusion. this protrusion would be 

melted in short time depending on eq. (2). The crater size is 

small depending on eq. (4). since there are many protrusions which 

brings many possibi lities to form new spot emission. The spot 

could often move from one protrusion to another. The distance 

among craters can thus be somewhat big. Besides eq. (8) shows the 

erosion speed for a protrusion is larger. this means with less 

energy for eroding one unit mass. and it could faei litate to 

sustain arc and to stabilize arc. Therefore the arc lifetime can 

be long. the craters could be more and arc can be stable. 

The analysis on arc voltage influenced by contact surface 

microstructure is being continued. 
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8. CONCLUSIONS. 

By mass spectrum analysis. it is found that the treatment 

with different emery paper on a contact surface does not 

significantly influence the degree of surface contamination. 

The rougher the contact surface is; the longer arc lifetime 

is. and the more stable the arc is. The arc itself has a 

tendency to "smooth" the contact surface and therefore to 

reduce the arc lifetime. The erosion on rougher surface is 

weaker (smaller crater size). and the distances between the 

craters on rougher surface are somewhat larger. 

The rougher the contact surface is. the lower arc voltage is 

(both dc and HF components). The arc erosion itself has an 

increasing influence on the arc voltage. 

A conic protrusion model for the calculation of Joule 

heating has been used. The mass flow per CouJomb(for a given 

current) to the plasma from a conically shaped protrusion 

(on the cathode) is always larger than from a flat cathode. 

The more tapered the protrusion is. the larger the 

difference is. By involving the electric field enhancement 

on the cathode. the longer lifetime and the weaker erosion 

on the rougher surface could be explained. 

It is possible that the type I cathode spots (fast moving. 

weak erosion) coincides not only with the surface 

contamination but also with the degree of surface roughness. 
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