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Theoretical considerations on the effect of polishing in 

vacuum breakdown connected with the growth of protrusions. 

This report has been presented for the working party on vacuum break­

down and vacuum discharges held at the University College of Swnnsea on the 

12th - 13th April, 1965. 

INTRODUCTION 

A few years ago our group at CERN undertook the investigation of 

electrical breakdown across large gaps (1 to 10 cm) in. vacuum (10-6 to 10-3 Torr) 

as related to the improvement of electrostatic separators. This application 

requires a spark free vccuum g~p of a few centimetres spacing between plane 

electrodes of large area (more than one square metre) with the highest possible 

field. In this type of research we have been led to study the behaviour of 

different kinds of electrodes by a series of tests, each one to investigate the 

effects of a different pararneter on breakdown. The principal _results of these 

s.tudies (such as alumina coating of cathodes) has been published in various 

papers~ (Ref. 1, 2 snd 3). 

Among the fundamental hypotheses introduced in the paper presented in 

Boston, (Ref. 2,3) for the &xplanntion of the pressure effect, the presence on 

cathodic surfaces of sharp protrusions was assumed. It is in fa.ct very well 

known from electron microscope studies that such protrusions appear and grow 

even on smooth surf~ces after an electric field of sufficient magnitude has been 

produced (Ref. 4,5,6,7). - The theoretical analysis of this phe.nomenon could 

.give a better understanding of conflicting results about surface polishing and 

of the effect observed that higher breakdown strengths o.re obtained with harder 

electrodes .• 
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GROtJTH OF PROTRUSIONS 

In a recent paper, (Ref. 5,8,9) Charbonnier proposed an explanation 

of the growi-:r;ig of-~.protrusions on .metal surfaces which is bas~d .. Qn. the isotropic 
•!::"• 1' 

approximation of Herring~s-theol.'y: .. of the build up phenomenon, _and shows that a ~ 

balance is achieved between surface tension and field forces when the tip radius 

and the field of the emitter surface are related by the approximate expression 

(for a given field emission tip geometry) 

:.; _: (J .:·· f_ f 

E2 = 2 .L 
Eor 

r = radius of the emitter tip (m) 

y= 

E = 

surface tension 11 
m 

field at the emitter tip!· 
m 

c: = 10-9 !:::§.. 
0 36 n Vm 

It was then thought worth~1hile to apply to our geometry the same 

·Herring's postulate which consists essentially in a computation of the chemical 

:Potential gradient on the protrusion surface. The chosen protrusion .geometry 

being a semi-ellipsoid of revolution standing on a flat surface, an interesting 

expression is found for the flux of material J which flows per unit time 

across a line of unit length, perpendicular to the direction of the migration 

.t any point of the surface for any ratio 'A. of the major and minor axis of the 

·ellipsoid. ('A.= 0 plane, "A= 1 sphere, 'A. =<:>o perfect needle). 

J ("A, v) 

,, . ; 
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D = diffusivity constant for surh.ce migr.'.ltion 
0 

(~2) 2 

A0 == surf3.ce o.ren per ··tom (:i.:oJ 

I m3) 11 0 = volume area per atom \..'.ltom 
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Q = activ"l.tion energy (m~le) 
T = temperature of the protrusion (OK) 

k Boltzmann constant =: 1.38 l0-23 (oK ~ton) = 
R ~ J ) = s.31 o 

. . . K mole. (V 
E = mean gnp field ;) 

0 

r = radius of the shank of the protrusion:. (m) 

A (t..,v) and C(.A.,v) represent dimensionless 

coefficients which depend o~ly. on the point M 

and on the ratio A • 

2 )12 
~ (.A.) = .· (.A. - 1 

A Log(.A.+ J~2-i')-JA~~{ 

The sign rr (v,.A.)j determines the dynamical behaviour of the protrus+ 

' 
...... JI ion. If is negative, atoms migrate from the apex toward the shank: on the 

contrary, if !"'J"I is posit~ve, the atoms migrate from the shp.nk to the apex and 
'"·! -~ 

the protrusion gro~s. 
. I t. ·E2 \ 

- Jo A (.A.,yt-l .- -c(.,._.A.-,:~-..)"J 

and E • 
0 
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1-a..J I can be written 111= 

with : J == 
0 

(}!. = 

2 -
Yfl. D e RT · - Q 0 . 

A k T r 2 
0 

: ~ : 

We can distinguish between different values of the parameters .A., v 

1) If A < 1 A(.A.,v) and C (.A.,v) < 0 for all values of v and E 
0 

then f°S1 is ~~~bsi ti ve (or zero for A = 0) and ~he protrusion 

grows. 

2) If A = 1 A (t.., v) == 0 and IJI becomes 

2 j 2' IJI = 9 J ~E v 1 - v 
0 0 
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';/ -.!k. 

Thus-;-:-in' the absence of electric field, I JI = 0 everywhere on the 

This is nn equilibrium shape because, when 
\ ·-....... ---·--~·· 

... 

• · surfabe of the sphere. 

. E = O, 

.·) . .. . '~ . . . . 

' .. 

0 

-C~I 
·-:·""''·---:-.:r·: 

• • I;·· 

i,s::> o· for A. < l 
' . . !. ~.:: .:~ .1 ··f 

II = 0 for A. = 1 
.·~ .. .. 

II < 0 for A. > l 

In.;this sense the !plane is not an equilibrium shnpe because we ho.ve 

seen that 111> 0 for A. < 1 and 0 for A. = O. 

When E > 0, IJ\ is dways positive and zero for v = 0 or 1 (the 
0 

apex OJld.::.~h~ . .2.:f..,~P.-~ protrusion) •.. Then, when a field is applied 

to a.tj:'equilibri11m sphere shape, the. protrusion, g;..~ws even for the 

smallest field. 

~~~---; _ -~;-~\)·--· -~r:-~ -> i ·- .• : j 

A(t..,v) is'.aiw~~Y.s.:Pc»s:FfIVe-"-'or ·zero (far··v-·-== o,i) ... -, 
j .. 

In this case the sign of IJI depends only on the sign of the bracket 

function 

.. 
· ' ,-. )\ r · · . ,· .; .-. ·f ·: ....... ·· . · 

.. 'C(X, v) i::l° aiways positive for aii' 'values' of· v'• Thus> the. sign· of .. · ,•;;,-, 

r(A.,v,E0 ) depends/on~y<'on the intensity of the applied fie'ld.. ., .. ,,.:·.·· ~,·-· 

If r > d .. : E~~< c(~? the protr'~~ion always decreases ~ut a.t a 

smaller rate than in the absence of the electric field. 
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If r = 0 -- E~ = C('2ev) 

If r < 0 -:.. E2 > C (A.• v) 

the'protrusion is stable whatever its temperature 

·th~. protrusion grows. 
o CR 

The condition of full growth 
... ,~ .·.·. ·':~ :, ... , ~.·.:·~.T ·::\.: ·-:~a::. , . 

2 2t..2 + 6 - JG 
u - u 

J...2 ..... 1 
·.c·. .i 

+ 
. ' ~ 

.. ' 

: . 2 
with u = v 

•• 1 •• .. ' 
I,. I f,.:; 

r <. 0 is equivalent to 

'A.4 + A.2(6 - ~) + 9 

(t..2.- 1)2 
~ ' _! ~·. ,,,, 

E2 A. ~2 
· K · _; : i .. {):? o : · 

= 
0 'A.2 - l 

. {. 

. '"" . 

.. ·:.-.--: 

may be. 

< 0 

...... ; ... ;. 
•. .l 
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The discussion of this condition with respect to the possible values 

for 'A. and K2 gives the following result (Fig. 1). 
0 

For 1 < /... < [3' the protrusion decreases for a:ny value of v 

2 
K < 'A. + 3 if 

0 'A. 

For p< 'A. < oo the protrusion decreases for any value of v 

For l< /... < 3 

j :·.··if 

the protrusion: grows for any value of v 

K >4 
0 

For 3 < 'A. < 60 the protrusion grows for any value of v 

if 

For the intormediate cases,. parts of the protrusion surface migrate 

from the shank to the apex and others from the apex to the shank according to 

the values of the roots u1, u2 of the above condition~ ... In po.rticular, if 

K0 > 4 the tip of t.he protrusion grows for any value of 'A between 1 and the 

infinity. 

Now, let.us see what will happen to a protrusion of a given value 

of A., according to the value of the applied field E . 
0 

.. '.'·' 
For this.purpo~e, let us consider the condition of full growth: 

2 
putting cp('A) - 4(/.... ·; l) 

A.~ -

we see il!ll::lediately that 
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.for J<),_< 3 

for 3 < A.< <Xl 

( \ 2 + 3 )'( \ 2 . 1) 9 ('A.) = ---11. ___ .._. ___ fl. -------

A 2~2 

cp(l) = cp(oq = 9(1) ::· G(oo) 

cp(3) = 9(3) 

= 0 

cp( A.) 
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The maximum of cp(A.) and of g(A.) is reached for ~'· 
~ . . . . '.' .... 

~(A.) ~. 5 and cp = 0.1888 • . max. 
G = 0.1633 .. max 

which gives for the maximum field 
·: ; ..... 

E = 1.461 fi'· kV 
omax J ~ cm 

(Tungsten at 2700°K E ~ 2.5 11.Y.) 
omax cm 

Thus, for a certain kind. ·of ·material given by y and a polishing 

state described by ~, if the macroscopic field E is less than E , the 
o omax 

protrusions with 'A) A.4 (intercept of G(A.) wUh the straight line cp = kc:o • E2 ) 
0 y 0 

will grow indefinitely and could produce_ consequE:.ntly sparks,,the protrusions 

with A. (.\ will stabilize their shape _to A._= A.1 , intercept of cp(A.) with cp0 

line. _For A. between A.1 and A.4 we must consider different cases : 

For A. > f) the condition of full decrease is 
. 13., 

with w('A) = 2 cp('A) 

c :: ' ... l .. ,.. ' 

For A.<A.4 but>A.3, i~,~~·rcept ~f cp0 ~;ith ~(A.), the 1 tip of the pro-
_,.. 

trusion grows but the shank .decreases,'__l .JJ_'b.13.:ing :;;~~o<for 

2A. 2 + 6 - i - K J K - 12 1 

o. _ o o_ 

2(A.2 "'." 1) 
.· ·'· . 

v = 2 

For A. C:::. A.3 but > A.2 the tip and the shB.nk decrease but the middle 

part of the protrusion grows between 
. :•. '· 

v = .v =-·; '· . 
1 2(A.2. - 1) 

., 
:.· . 
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If all the protrusions have A < A2, it is theoretically impossible to 

get a spark. This is a theoretical explanation of the effect of the polishing. 

Mcreover, we can see that if E ) E . , all the protrusions will grow indefin-o · omax ·· · 
itely, and no matter what the polishing state before applying the field may be, 

it will be possible to get breakdowns. The theory also gives an explanation 

of the conditioning process; by increasing the voltage, the protrusions with the 

highest value of A will be eliminated by growth and sparking. The rete of 

increasing depends strongly on the protrusion temper2,ture and on the activation 

energy; from this, we understand why when the protrusion emits electrons and 

he;:· ts up, a sharp point is quickly formed and we conceive that the process must 

be divergent • 

.QONCLUSION 

"These preliminc:.ry results· seem to give us a better understanding of 

the protrusion growing phenomena and especially a new limitation of the maximum 

field that a material could support; this field is directly proportional to the 

square root of the "hardness". The results obtained show that the best polish-

ing state would be a plane surface made of a kind. of hemisphere i-d th the smallest 

possible value of r, standing side by side with a 11 A11 ratio smaller than j3'. 
An experimental proof of the fact that the smaller the val~e of r the higher 

the.field is given by F. McCoy, C. Coenraads and.M. Thayer(Ref. 10). In that 

respect a crystalline structure is evidently worse than an amorphous one 

because of its anisotropy and its shape of facets (Ref. 8). This remark could 

be an element in the explanation of the better breakdown voltage obtained 

either with glass or alumina coated cathode~, the surface shape of which is' very 

similar to the ideal one, as shown by recent electron shadow microscope 

pictures. 

. . F. Rohrbach. 
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