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nrrfiO^JCTior: 
Either of two distinctively different surface flashover rr.e'-r.ar.ic.T.r: may 

lead to the electrical breakdown of an Insulator under high voltage stress in 

vacuum. While the more far.iliar cathode-initiated mechanism propagate.'; toward 

the anode and depends on secondary electron multiplication or. the insulator 

surface (l), anode-initiated flashover propagates in the opposite -iirctior. (? < 

and appears to: involve processes relate 1 to bulk breakdown. The study of ar.jie-

initiated flachover may therefore help to elucidate the physio:; of the "tr*"-* ir.g" 

mode of insalation failure. In addition, anode-initiated flashover very likely 

limits the electric field that can be withstood by conventionally d'^-i^nei 

insulators having surfaces inclined to avoid electron multiplication. 

In the work reported here, a variety of dielectric materials were subjected 
, -3 -1* ^ 

in vacuum (10 to 10 Pa pressure) to h;gh voltage steps havine 3 ns risetir.e. 

Damage patterns on the insulator surface characteristic of anode-initiated flash-

over occurred with various experimental arrangements having in cordon high 

electric fields directed into the surface of the insulator. The flashover 

mechanism was studied by detecting emission current from the insulator and by 

examining the surface damage with the aid of scanning electron microscopy. 

A .model of the flashover mechanism based on these observations is proposed. 
* This work supported by the U. S. Department of Energy under contract 

#DE-ACOU-76-DF00789. 

** A U. S. Department of Energy Facility. ,!''-.' 
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'_•'.*/:/ •• -'.:.'. * I'i '." : fi-•:•*. ;v r . A'"j'r -::":, - V; *.r.";-e ifi'.ricur'-'rr.'-r.tr, the two typ< r of 

f-- - / v r ': ••< '.:' *••; i\\ Irry. r'-'i!.-:" J ri t : - b fak lown of conventional. 'U-f i n s u l a t o r 

"..": v t. • -V ••• ' '"" ir. -L- •• :.» V**.- :. -*.o" r i : : i ^ 7 / f a c i l i t a v . d the ano i . - i n i t i a t e d 

••• -•'.-.:.\:-\ !:• •in-.-I' ';;*. :, ;t r . •:. 'ir.^lfr r.iy repn.-eent a conr,pro.T.iro between f i e l d 

<r.'•.:.•• •!••'•::*; fit ti >• or.-.;': "r.': of t h " i nn l a f co r , which increases as tho angle 

>.':.." ';:•• .- f'-J, a-v: th- aY'.r't,";'* v a l i f ' 'if the f i e l d component p a r a l l e l t o the 

:r. '.:'!•. ,r :: ir:V:<., *' ? •.: i- :r-.a:;::: a:- V-. ariffile increase : : . 

7 " --/.t- "-- .—.•:• i -jl' -•>..'• i<n-r! ' ;-:: .itiitcri f larhovur mechar.isr. demonstrate;; 

t ' v ' . i t : • ^ " c t r ^ l " In n a t u r e , r a t h e r than a p o s i t i v e ion analog of the 

;>.'•::..;':•;/ •.-!': rtr'^r. <-r:.i::.;io:. avalanch*- respons ib le for c a t h o d e - i n i t i a t e d fla;;h-

ov< r . F^r ojia-T.ple, -i-leetric:*. t break-1-v.-n j f a f6o° P lex i^ lac i n s u l a t o r b r idg ing 

a 3 r.,". i n t ' . r ' O e o t r o h ' f,ap c a r * occur within 2 na a f t e r vo l tage a p p l i c a t i o n . 

Dir ;*. th: : ; *;>/.• a fr< <-*ly a c c ^ u r a t e - i p ro ton , the f a s t e s t p o s i t i v e i on , would 

t r a v e l only a f r ac t ion of tho .;ap uiL'tance. 

CO;IJITIOI", OF OCCURRETICE 

In each of the th ree d i f f e r e n t experimental arrangements 3hown in Figure 1 , 

d e a - r i t i r ; pa t t e rn s of damage c h a r a c t e r i s t i c of a n o d e - i n i t i a t e d f lashover were 
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t'..' '.".••.', ' . • / .:• V : - . . - : ' ; - ^ . - : • • • : ; . : i - ; - . : ; ! . ' . » • • ; .• ;• • . : • [ • • '. . . ; • - • • . A ; : r : > 

hi.i. t.yj: • jf ntirfv.; - fl't. i; :'.' -:• :riy a--.'-"::'. rd 1 t: < ••1-."'L:"-:. •"..!.vl .: . i'r :. c.v 

olt:':' r ^ ob.'-rv"! wi,-:: *;>'trM:; Tv a~. cit!.-: !;•.• cyjit'-.ln ;:• le^*.:':'; !::>;.•• • ' ' . ' . 

K"-.- io:; ffjr.F.;-.:;: 

A:n. ;''-lr.iti?.f'-"! fla::h3'/r.T in acc-^-.n^:. i.'J by •w.i.:.-i-ri of r.i.-;•'.*. iv.- i:,'iv,;.j 

t'ro.T. t.-i'.- it::-:ilator curfnui; int-j tlie vacu'ir.. fiurr.t:; of curiv :.t of t.-.-- orj'>:- - : ' 

O.i A/.-J. ::ni •: f-:>: r:r i*l iurat icn V':r.1 h CC-tji by 'i F-irai-y ~'-ir In^-if-: r i I: 

a crr-fjrat" i 'a:i';' "• jbirttr^-in vi'.ich vu- j*vpnritod i'fc.r. th^- iri^ii^tcr d:-f-i'.--; !:y 

<i n . T ~ ;-ip. Fi.Tirc 1(b) I:: a •Jiajrir. 31" i,h-_- MtpcrirvK.t.al a m ; . ••.>.•.-'.".t. SJ.':'. 

cnl i j i j . i « : ; observe! from a l l the dielscr.ric sa te rial.- teste:! •„•!.•:-•: «:•> ol'.-ctri 

field in Hio yacuun gap OXCC';;J.H1 ';3 or ?0 tW/m. Thoae material.-; ir.cl'i'ic-J :>Dl;r. 
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ce t r . s c ry l a t* , ' : - lex ig las) , po lye thy lene , polyethylene terer i . thf i la te (Mylar;, 

p-^Iyi-i-ie 'Kaptor.), Ccrr.ir.e; 0Z11 ccver s l i i e g l a s s , ar.i i r .s . : l6tor surfaces 

c-/;'-." ;i wit:, e i t h e r s i l i c o n e grease : r s i l i c o n e i iffusie.n p ' c ? f l u i d . 7h'-

c u a n t i t y cf char;:*- e - i t t e - i daring a s i n g l e h i rh -vo l t age pu lse was foun<3 to 

corr'-.-so.vi to the e l l i p s e of the e l e c t r i c f i e l i in the vacuus, cap. S. ;-. 

F r a z . e r of :-:.yr i r s ir.-er. '. 'itior.al Co, r.-±s c.^:-.' s i ~ i i a r observation:- of the 

e " i s : i o n fr rr. f i ' -xi^la:: i n s u l a t o r s [l). 

1:.'r surf'i '-e. of o j r poiys.eric ' i i e i e c t r i c s wer. invar iab ly four.! t o t e a r 

t.-.<- p.- v i s u r l y r . ' : : . t i r : . ' - : i i - .v i - pa t te r r . s a f t e r es.l.-sicn h a : teen i e t e c t e i . 

Alt:.- '.:•:. no r/irieir.?r were v i s i b l e or. the g l a re s u r f a c e , due perhaps t o the 

tr.'-n:.-jl s t a i l i i t y '.f .'-la.-.-, •.':.'• c h a r a c t e r i s t i c d e r . i r i t i c pat tern; : c o u l l be 

seer, in *,:.•- •-.:.:• nratiLr. of : re-.tr. or. the £larr. su r face . On" cay cci .c .uie t ha t 

ar.O'i '—ir.Itin' ' I f lashover i r not r e r t r i c t e i to a few spec ia l d i e l e c t r i c s . 

F i e r i extra-*i ' ; r . of e l e c t r o n s ar.i nega t ive ions i'ror. the fiachover plusca 

i r v.- ;*:.*. t o r.f- responsible for t h e emission c u r r e n t . The tirr.e dei'-y t e f o r e 

' i . i r r l c n vtt-l'--: v i ' i e ly , fros. a few r<c t o cuch l ende r t i r . e s , i n d i c a t i n g a wi-ie 

v a r i a t i o n ir. the i'Lashov-.-r incept ion tirse in t h i s -rj.peri-scr.ial arrangement. 

often severa l pulses cccu r r e i wi th in a 10 t o £C ns p e r i o i , poss ib ly the r e s u l t 

of a t i r - .e-of-f l ipht m s r ana ly s i s o f var ious ions a r r i v i n g a t the F a r i i a y cup. 

A cor. lltior.Ir.;: effect, wan a l s o observed, in which higher vol tages wore r e q u i r e ! 

to criir.- ".-.isslon en subsequent pulses al though the i n s u l a t o r has been d i s 

charge! between pulses by the adc i s s i cn of a i r i n t o the vacuum, chamber. 

SuRFACE 2A!-'AGE 

Information about the a n o d e - i n i t i a t e d f iashover cechanisrc i s r e c c r i e i 

in the da-w-e on the i n s u l a t o r su r face . Figure R i s a rough sketch cf the 

i n t r i c a t e p a t t e r n , t y p i c a l l y resembling a t r e e , which r e c u l t s frcis an i n t e r -

e l ec t rode f iashover i n t h e gcoee t ry o f Figure 1 ( a ) . The p r o l i f i c branching 

i n d i c a t e s t h a t the I n s u l a t o r beca=e conduct ive , d i s t o r t i n g the l o c a l e l e c t r i c 
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field, closely behind th" leading s^ ' : of the flashover =echar.is=, -.•.-.:-•:. 

allowed the fleshover to grow lateral ly at well an toward t:.e cathode. 

T.nis conclusion is supported by the arrested growth of the pattern app'̂ r- :.'.!;,-

the instant a branch reached the cathode, and by greater surface dac.a?'"- r.'-sr 

the cathode er.d of the insulator such as wouu/l be expected if r.ost of t.:v-

potential drop occurred between the developing flashover and the cathvi" 

electrode. Furthermore, a conspicuous la.-k of enhanced d̂ r.a;.""- alon^ tr.e 

rain bran"h<-s and tr-n/- of the patv-rr. is consistent with the rapid forr.a*-!'.:. 

of the flashover places, LO that the dasase was confined to the growir.;; tipr 

of th<- branct.es. 

The !r. ierostructure of the d^-.a^e reveals how rapidly th'- pi&sr.a r.'iy h*iY" 

forced. The inset in Fi,"jr" P shows a branch t ip n-.aijnifieu several h::. !.-•: 

tir.es. Elu.T.erous filar/Titary grooves, a rr.icr'jn or less in w;di.h tnd depth, 

curve away fror. th" branch axis and extend for tens of cicrens, scrr.e devlopir.i-

si'ie branches of their own. The ends of them- grooves arv frequently alien." I 

nearly cerpendicul'irly to the parent ir'ir.ci. axis, an: r,f." of the £!•',;•:••: 

appear to burrow into the bulk of the insulator. These ct rervntionr. surr'-st 

that the flashover pias.-.a fonsed so closely behind the branch t ip that th<-

local electr ic *jeld chsnr/.d direction during the t i - e the side branches w.-.r 

gr'-Mlnr.. A^ the region of conductivity advanced past a point alone a rranch, 

the electric field or. either side of the branch would have decreased consider

ably as I t rotated to a nearly p-rpendiculor orientation relative to the 

branch axis. 

Although the surface dazage on the four polycerc tested was similar, 

there were Interesting differences. With Kapton, for example, chains of 

evenly spaced pits about a slcror. in dlacetor, rather than grooves, defined 

the course of small tranches. Presumably the lack of grooves was due to the 
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high thermal stability of Kapton. There was a pronounced tendency for the 

pits, or grooves ir. the case of the other polysiers, to display a 5 to 10 

:.!c:;r. r'-ricdicity. 'mi for nra:."r.'-.~ to fallow r.icroseopic rc-atoh^r. 

:ISCJCSIC:: 

A rr.odel of the anode-initiated flashover rr.echar.i s.r. which accounts for 

the '.-xs<'-fir'.er.t5l observations rr.ay fce proposed. Flashover ini t iat ion is assumed 

to T-Z :irr- th* f;er.e ratio.', of a scall area of plasrr.a adjacent to the- insulator 

surrao*'-. The plas.r.a i r maintained near the anode potential , either fro.T. 

t'-ir..- cor.:.f?t'-l to th'- ar.oie electrode or through electron emission. Ac 

a r e s ; l + , *,h'- e :K*' of the plasr.a contritut f-r a strong electr ic field component 

sojrill'-i to th» insulator surface. Filar.er.tary branches develop because the 

i l ec t r ic fiel-i at their tips presu.-oai.ly exceeds the dielectric strength of the 

r'. t« r i a l , Localized breakdc,«r. a*, the branch t i p s , the cause of the surface 

ia.-aj", generates the new plasr.a necessary to carry the field e.-.hanceir.ent for-

."ir;. 7.v growth of fllar.er.ts into th" I ilk of the insulator is accuse i t . he 

firr- :.V- 1 vo-:, tr.'- s :rfaoe plasr.a advances part thei r point of entry and ti.e 

'-l*?trSc field Is relived. Photoer.issicr., photodesorption, or photoconductivity 

r.'iy play a role In this fiarhover cechaniss: since ul traviolet lipd-.t is undoubtedly 

proiic^d. 

!:.'• pr-C'-iin,; discussion does r.ot consider how the plasr.a is generated at 

the point of in i t ia t ion . Ir. the exporirt-sr.tal arrangements of Fieure l(a> and 

(c) , locilir- i electr ic fields at p^n t s of contact between, the insulator and 

the ar.-A" eli otroi'- r.'iy exceed the dielectric strength of the insulator. The 

source of the in i t i a l plassa In the geecetry of Figure 1(b) i s unclear, 

although the conditioning effect mentioned earl ier points to the lnvolvec.e.-it 

of f l ther cac tus or particulate contaminants on the insulator surface. 

Finally, i t Is of interest to nate that the apparent relationship of 

anode-initiated flashover with bul* "treeing", evidenced by the penetration 
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