NPA/Int. 65-13
Meyrin, 30th April, 1965.

Theoretical con51deratlons on the effect of polishing in

vacuum breakdown connected with the growth of protrusions.

This report has been presented for the working pérty on vacuum break-
down and vacuum discharges held at the University College of Swansea 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 separstofs. This application
requires a spark,free»vfcuum gap 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 imvestigate the
effects of a different parameter on breakdown.  The principal results of these

studies;(such as alumina.coeting of cethodes) has been published in varlous '

. papers, (Ref. 1, 2 =nd.3).

~ Among the fundamental hypotheses introduced in the paper presented in
Boston, (Ref. 2,5) for the explanation of the pressure effect, the presence on
cathodic surfaces of sharp protrusions was assumed. It is in fact very well
known from electron mlcro cope ‘studies that such protru31ons appear and grow
even on smooth surfaces after an electric field of sufficient magnitude has been
produced (Ref. 4,5,6,7). © The theoretical analysis of this phenomenon could
-give a better understanding of conflicting results about sufface polishing and
of.the effect observed that higher breakdown strengths are obtained ﬁith harder

electrodes.
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GROWTH OF PROTRUSIONS

In a recent paper, (Ref 5,8, 9) Charbonnier proposed an explanation
of the growxng of protru81ons on metal surfaces which is based _on the isotropic
approx1matlon of Herrang L theory 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)

.._.E2,= é ;1‘
EoT
r = radius of the emitter tip (m)

. N , :
Yy = surface tens1on‘g ST P

E = field at the emitter tlp
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It ﬁas then thoughthworthWhile to apply to our geometry the same
‘Herring's pbstulate which consists essentially in a computation of. the chemical
poteﬁfiél 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 =oo perfect needle).

9 i i 5

. . ) ‘
e Yn o Do e RT TN SYP »80 Eo T N m3 :
= - > A(A,v) | ¢, ;;
’Ao kT r° PR ='vyC('X:,\))
A Ty MV ER
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A = surface area per ~tom ( ‘)
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, jlo.- volume area per atom \atom
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: . . J )
Q = activation energy (mole .
T = temperature of the protrusion ( K)
k = Boltzmann constant = 1.38 10 =25 (%“*-—*)
K atom
Ro= 8 31 K molp>
Eo = mean gap field (m)
r = radius of the shank of the protrusion: (m)

A (A,v) and C(A,v) represent dimensionless
coefficients which depend only on the point M

and on the ratio A.

.A_,‘(._’"V) = A (?\2 - 1)v m 4 + (3-v)(A _1)35

[1 + (l—v2)(7\2-1

2

2 . LN

-1 4+ (102 -1) (}\2-1)?2

Ag” (A) [1 + (1 - v)(A° = 1)] A Log(A+ ,/Az_l)_ A1
The sign 'jh(v,x)fdetermines the dynemical behaviour of the protruss

ion. If ]31 is negative, atoms migrate from the apex toward the shank: on the

contrary, if |friis positive, the atoms migrate from the shank to the apex and

the protrusion grows.

2B
IJ' can be written : ]JI— - J A (a, v)( -—RT:3>

. R fl D RT
with : g = o 092
° A kTr
EOT
¥ =
.

We can distinguish between different values of the pérameters A, V
and E .
(o}

1) IfA<1 A(A,v) and ¢ (A,v) € 0 for all values of v and B,
then [T is positive (or zero for A = 0) and the protrusion
grows., “

2) IfA=1 A (A,v) =0 and | T [ becomes :

— 2
|J1= 9JoaeEo v J1 =V
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Th\is",“_'“’in“ the absence of electric field, ]Tﬂ = 0 everywhere on the
~ gurface of the sphere. This is sn equilibrium shape because, when
T ' Eé =0,

3] 48 > 0 for A <1
" =0 for A =1
"'v‘i <0 for A >1

In:this sense the plane is not an equilibripm shape because we have
seen that ﬁﬂ> O for A< 1 and O for A = 0.
When E 0 0, || is clways positive end zere for v = 0 or 1 (the
apex and -shank of the protrusion). ) Then, when a f:Leld is applied
to m equlllbra.um sphere shape, the protrusmn, grows even for the

smallest field.

ff-)\} 1 A(A,v) is alw ys posn.tlve oF ‘zero (xfo'r VEOQ, l)

In this case the sign of |J | depends only on the 81gn of the bracket

function :
‘ , r'(}\ v,E)=1- Ko ‘ : S

NGRS

’C()&nv)f ig alway° pos‘i‘éive for all values of v. Thus the sign: of.

r'()» v,E ) depends only on the intensity of the applied field.

P

If [—' > d-._u.__2< M the protrusion always decreases but st a

smaller rate than in the :1bse;{1_<_;e~9f»the_e}ectric field.

If r =0 — Ei E_Q_\i\_’l the protrusion is stable whaotever its temperature
. . . ] neay be.
1Ir '-1< 0 — Ei > !gévz .’f}lghprotruelon grows.,

The condltlon of full growth r < 0 is equlvalent to :

4+?\ 6—K2)+9
v - u + < 0
AT =1 | (A 1)°

- 2 T s &E AB
withu=v _ K

° 21

i
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The discussion of this condition with respect to the possible values

for A and Ki gives the following result (Fig. 1).

For 1< A <J§‘. the protrusion decreases for any value of v
' 2
¢} A
For ﬁ()\ < oo the protrusion decreases for any value of v

it Ko< 2 f3

‘For 1< A < 3 the protrusion grows for eny value of v
if Ko >4

For 3 < A < "o the protrusion grows for any value of v

- For the intcrmediate 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 ul, u2 of the above condition. In particular, if
K >4 the tip of the protrusion grows for any value of A between 1 and the

1nf1n1ty .

Now, le’c us see what will happen to a protrusmn of a glven velue

of A, accordlng to the value of the apolled field E .

e

For _this. purpose, let us consider the condition of full gfowth:

=

2) i ‘;.4(‘7\2;’_ 1)
Po

for 1< A< 3

(2> 4+ 3) (3% - 1)

2 Y , o
Eo >\'¢5° )\2‘32 for 3 A€ oo
4’ - 1) 02 -1) 623
putting o(A) = TR o(r) = ~ = ) o(A)
A | A“B
we see immediately that o(1) = ¢led = 6(1) =Q(c»0) =0
o(3) = 0(3)

PS/4879



The maximum 6f cp(}\) and of G(?\) is reached for :.

r2/3 B(A)2 Sandg  =0.1888

P
which gives for the maximum field :
— 1. &V. o [ ..M..‘L
Bypay = 1+461 j;; p- (Tungsten at 2700°K bomw 2 2.5 cm)
Thus, for a certain kind of material given by y and a polishing
state described by Kk, if the macroscopic field Eo is less than Eomax’ the
protrusions with A > A . (intercept of ©6(A) with the straight line 9= 53’- . Ei)

will grow indefinitely and could produce_ consequently sparks, the protrusions
with A ﬁ}\l will stabilize their shape to A = }\l’ intercept of m(?») with Py

line. For A between A and A, we must consider different cases :

4
For A >\[—' 3" the condltlon of full decrease is Ei < E%" w(A)
PR with w(A) = (}\) i 0
Pl e 2 .
For AL f_'the condltlon of full decrease is : E <El"--9(' A)-
1-.‘-‘-- i . o /v

Then, for AL )\2, 1ntercept of P with w(}\) and for 7\ > )\1, 1nterce0t of cp
with 9(7\) (?x N)\ ) the protrusmns vrlll decrease and stabilize to 7\ i e )\l.

It can be shown that for )\2 < A < )\4 two 1ntervals. can _be

dlstlngulshed :

For }\<)\4 but >A3, 1ntercept of 9 w:Lth cp(?x) the tlv of the pro-

trusion grows but the shank _decreases,_.__] J | being ZeTro for
0 )
2}\2+6-K2—K\/?—12
-0 SRR
2

2(A" - 1)

For A < )\% but >}\ the tip and the shank dec":rease but the middle

part of the protrus1on grows between
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If all the protrusions have A < K2, it is theoretically impossible to
get a spark. This is a theoretical explanation of the effect of the polishing.
Mereover, we can see that if Eo:>»Eomax’ all the protrusions will grow indefin—
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 inc;easing the voltage, the protrusions with the
'highest value of A will be eliminated by growth and sparking.. The rete of
iﬁcreasing depends strongly on the protrusion temperature and on the activation
energy; from this, we undérstand why when the protrusion emits electrons and
hezts up, a sharp point is quickly formed and we conceive that the pr0cess must

be divergent.

CONCLUSION .

"These preliminary results seem to give us a better understanding of
thé ﬁrdtrusion growing phenomena and especially a new limitation of the maximum
field that a material could support; this field is‘directly probortional 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 with the smallest
possible value of r, standing side by side with a "A" ratio smaller than j%i
An experimentel proof of the fact that the smaller the valwe 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 bf facets (Réf. 8). This remark could
be an element in the explanation of the better.bfeékdown voltage obtained

either with glass or alumina coated cathodes, the surface shape of which is' very
similar to the ideal one, és'showh by recent electron shadow microscope

pictures.

... Rohrbach.
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