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ABSTRACT 
We are investigating a novel insulator concept that involves the use of alternating layers of 
couductors and insulators with periods 011 the order of <1 min. These structures perform matiy 
times better (-1..5 to >4x higher breakdown electric field strength) thau conventional insu- 
lators in long pulse, short pulse, and alternating polarity applications. A previoiisly defined 
scaling law of d  where rl is the insulator length, appears to apply to these new structiires 
when the scaling parameter d is replaced by the layer period d,. This obscrvation implies that 
each layer within the structure behaves iiidependently in the breakdown process. We present 
our ougoing studies iuvestigating the degradation of the breakdown electric field strength re- 
sulting from surface roughness, thc effect of gas pressure, and the yerfortnance of the insulator 
structure under hi-polar stress. Further, we present our initial work 011 scaling and modeling 
studies. 

1 INTRODUCTION 
1:Vl~lIAl. techniques have been implemented i n  tlic yast to incrcasc S the tlireshold clcctric ficld strength f&(, at which breakdown or 

flashover of an insulator surfacc, bridgiiig two metallic electrodes in  
vaciitini, occurs. Among thcsc tcchniqucs are the application of a 
200 nm CuzO coating to the insulator surlacc [I], a Mii/Ti doping into 
an alumina substrate [2j, spark discharge trcatmcut of an itisulator sur- 
face [3], tailoring ol the electric field in the viciuity of thc diclcclric 
metal interfacc [4], and study of thc eflects of surface roughncss on thc 
insulator pcrforinancc [SI. Many of these techniqucs havc bccii shown 
to increase the brcakdown thrcshold &,I by factors ranging from 1.2 l o  
-2.0. In this paper, we present a technique which shows that a more 
substanlial increase in 1?ilbr1 can bc rcalizcd by fabricaling the insulator 
from multiple thin alternating layers of metal or niclal coatings and tlie 
dielectric. 

l'liis high gradient insulator technology was originally conccivcd by 
Gray in tlic carly 1980's [6]  and follows from expcriincntal observatiotis 
that the tlircshold clcctric field strength for surface flashovcr iiicrcascs 
with dcccascd insulator length [7,8]. Tlieconccpt laid dormant until thc 
mid-to-late 1980's, when this tcchnilogy was pursucd and successfully 
showed substantial incrcascs in thc breakdown Ihreshold over coiiveti- 
tional, single substrate iiisulators [!I]. hi mom recent work, we pursucd 
verification of the technology and showed a n  incrcnsc of 1.5 to 4 . 0 ~  
that over conventional insulator technology [II)]. In later studies, w e  
explored the properties of these structures in the context of switching 

npplicalions, iuvcstigating their bcliavior under high fluence photou 
bombardment [Ill, and thcir microwave properties in bridged induc- 
tion accelerator vacuum gaps [12]. 

2 EXPERIMENTS AND 
DISCUSSION 

Small sample tcstiug w a s  performed in a turbo-molecular pumped, 
staiiilcss slccl chamber ill the I I1 Pa range. I~IV was dcvcl- 
oped with a 10 J 'mini-Marx'. The Marx geuerator dcvclopcd a pulsed 
voltagc of - I to 10 /is (base-to-base) and amplitude <2X1 kV across 
the sample. Diagiiostics consisted of an clcctric field sensor and a cur- 
rcnl viewing rcsistor. Failure oi the insulator was dctermincd by a rapid 
iiicreasc iii Marx current and a sudden collapsc in the voltage across tlic 
sample. 

A sct of samples was fabricated by interleaving layers of 0.25 m m  
fused silica. 'The intcrlcavcd metallic layers were formed by deposit- 
ing gold on each planar insulator surface by a sputtering tcchnique and 
then bod ing  thc stacked layers by heating whilc applying pressure. 
As a final step in the proccss, tlic outside diameter of the structuuc was 
niachiucd flusli, i .e.  thc conductive layers do not extend beyond the in- 
sulator surface. Dond strength bclwcen the gold Iaycr and substrate us- 
ing this Icchnique was measured to cxcccd 6.Yx107 N/m-2. To perform 
the brcakdown expcrimcnts, the structure was sliglilly compressed be- 
tween highly polished hare aluminum electrodes which establish thc 
clcctric field for the tests. 
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To obtain a parlicular dah set, the insulators wcrc subjeclcd to se\,- 
era1 low voltage conditioning pulses. Thc vollagc w a s  then iiicreascd 
'1 sinall ainoiiiit incremeiilally until breakdowii occurrcd. Voltage was 
then reduced for scvcrd shots aiid then incrcnicntally increased again 
until a constant valuc was achieved. In  lhcsc experiments, however, 
we generally observed that these insulators did not condition. Once a 
breakdown occurred a t  a parlicular ficld, reducing the voltage slightly 
aiid incrcasing it again did no1 cause an increase in breakdown ficld. 
'lh produce a given data set wc would apply 1511 til 2110 shots to a given 
structure and would attempt to determine i f  any dainagc to the slruc- 
lure occurrcd which signilicanily altered the breakdown characteristics. 
At these applied cncrgics, wc generally did not observe any  degrada- 
tion. Thcse data were then reduced til reliability plots by determining 
the total number of successful shots o v e ~  Ihc total nuinbei of applied 
shots. hi thrsc data we deliiic the clcclric iicld as the applied voltage 
divided by the total insulator length We dcfinc reliability ;it a givcii 
electric licld as the total iiuiiiber of successful shots over Ihc lotal nnni- 
ber of shots. 
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Figure 1. l'ulsed surface brmkdiwn reliability: g n ~ i i d  luscd d i m  
high gradient insulator. 

Using this method, we observed flashover of these small samples 
at - I75 kV/cm for these (used silica substrates (Figure 1). The effect 
of pulse width from 1 to 10 / i s  on this breakdown tlireshold was well 
within the statistical range of our data. 

The previous trend in /+$,,I for convcntioiial insulator Iccliniili~gy is 
tabulated (Table 1) and plotted (Figure 2) for straight wall, cylindrical 
insulators (0 ~~ (I", sec Figure 2 for nonicnciaturc) as a lunclion ol 
the temporal width o l  the applied electric ficld Although tlicrc is a 
Ugh degree of scatter in Ihc previous data, we altcinpt to determine a 
global trend for comparison purposes by performing a standard fourth 
order regression lil / ( t , , )  (dotted line), willi cocfficirnls lhrongli L L , ~  

as tabulated iii lablc 2. Sliowii also is the trend for the more classical 
slopes ranging iron1 t,, a n c ~  L;"" scaling. From tliis Figure, sucli 
classic trends arc only applicable iii a iiarrow rcgiun ol h i s  p i rmctcr  
space parlicularly in thc region of I /I,S and above ivherc there is little 
dependence on the breakdown threshold as a function ill pulse width. 
Noling the trend in these past data and coinparison of the regression lit 
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Figure 2. l'rcvious ptilscd susfacc brcakdown elcclric lield strenglh 
rlaia IO,,! as a fuiirtioii nipulsc widlh I,,, (or singlc suhslfiite, straight iiwll 
i i isu~ators (0 = 0"). SIOPCS arc sliiiwn fns classical I.,, '1'' and /.;'I:' 
scaling. Dash line indicatcs rcgrcssion iit (l'ahlr 2). 

Table 1. Summary oi bredkdorvii tlircsliolds oi cimvcntional insulators. 
All dat,i is lor straight wa l l  insulatars, c) . I1 

to the data in  Figure I shows a net iiicrcase iii insulator performance of 
>3.5. 

We arc also studying various clfcrls h a t  can adversely aflcct these 
iiew struclurcs. For instance, to ciisure concentricity, a finish grinding 
opcratioii was performed on the outside diameter, This process is a 
tiiiic consuming second operation and a n  alternate labricatioii means 
was pursued. To siniplify fabrication, WII attempted a n  ultrasonic ma- 
chining process. Although it was possible to labricatc the part in a 
single operation, the suriacc was left sliglilly rougher, Comparison of 
the breakdown characteristics of Lhcsc samples showed significantly 
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Figure 3. I'ulscd surface breakdown rcliahility: r o i i g l ~ c n d  i o s d  hilira 
high gradient itisulalur. 

more scatter and iiu a i w i g e  a sliglilly decreased brcakdown Ihrcsliold 
of -25% (1;igurc 3). 

&! 1.2 I , , 

Pressure, Pa 
Figure 4. fffcct of g,is pressusc 011 tlic ~ p d n r m a n c c  ol high gradiiint 

insoldtors. 
'I'he structures also were subjected lo increased prcssurcs lo dc- 

termine susceptibility to breakdown (Figure 4). In these dah ,  using 
the previously described prticedurc, a fixed rcliabilily was cstablishcd 
at the various prcssurcs. All data was then iormaliml to a iiieaii 
breakdown electric field strength. Suscepiibility to breakdown siays 
rclalivcly constant up uiitil the -LO-' I'a, at which point, thc field 

Table 3. Suniiiiary of high gradient insulator test sample pcrformancc. 

al which hrcakdown occiirs decreases rapidly, Also shown are data 
h i m  previous work by Siiiith j201. From tliis comparison, it appcars 
that those i i cw slructurcs cxhiliit a threshold brcakdown electric field 
streagth at lowcr prcssiircs. 

Figure 5. Insulator length scaling cffccts on t l s  surface b rcakdow 
clectric ficld strength. Scaling p,iraiiictcr is inwall lctigth for ~(IIIYCII- 

tional insulators ani  iosulatnr pcriod for multilayer liigh grariient iiisLi- 
lntnr. (a) h i  data fl.olli CmiVentional insulators. 5 l i s  P M M A  pulscd data 
b r  0 = *45" is Iron1 [7], remaining data is hom [RI. Scaling approarhcs 
(/ 0 5 (h) Scaling comparison to individual layer thickness for tlic liigli 
gradient niultilaycr insulator anit comparison to d; 'I.' scaling, 

We also performed similar testing 011 a large group of varied samples. 
Vie rcsulls are sumniarizeil with Ihc prcvious sample in Table 3. These 
data were then compared to classical insulator Icngtli scaling (Figurc 5). 

Shown in bigure 5(a) are the results from previous researchers [7,8]. 
pol~~mclh~dmclliacq.latc (I'MhdA), 0 = 45" (both n c p i i r z  and positive 
angles) insulators are results lroin a pulsed test where 1,, = 5 /LS [7]. 
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A trend ol rl "M was inferred by thcsc researchers froin tlicsc dcita and 
was shown to be consistent w i t h  a modcl  based on an clcclron stiii i i i- 
la lcd dcsorplion niechaiiisin; ionization then develops in the cni i l lcd 
gases leading to flashover of the suriace [SI. 

Sliowii in Figure 5(b) arc data froin our test iiorinalizcd for pulse 
wid th  by (as clefiiicd in Xiblc 2). Also shown is a si i i i i lar scaling 
except that lhc overall insulntor lcnglh ii is niiw replaced by Ihc high 
gradient iiisulator layer thickness (k, the layer period), d i  (dash linc). 
Comparison of this lalcr slope apprars to show a similar I;lobal trend 
and indcpciidcncc froin Ihc ovel.all length r l .  

Conventional 
Polycarbonate* 

I O  
0.1 1 10 

Insulator Period - d,,,,,, 
or Length*- d, mm 

Figure 6. 'The etfect of period length scdling midcr b i - p l a r  s l l r sh  

A similar eliect is observed when the high gradient insulator strur- 
turcs 'ire subjected to a n  (iscillating field. In  this cxprr i inml ,  Lhc Marx 
generator was al lowrd to undergo free oscill,ition w i t h  ,in induclivc 
load I'eriod of the oscillation W,IS -500 11s. In this tesl, a high gradi- 
ent iiisulalor w a s  compared directly to '1 similar conventional insulator 
structure. 'The rcsults are sliowii in Figure 6 .  On (his p lo t  arc  also 
shown tests i r o m  a similar cxpcrimcnl 1211. A slandard area scaling oi 
A".' was used to iiurinalizc the datd for diffcrciicc in scale size. Again, 
a general trend sliows ilia1 a sirong dependence (111 layer periiid, not  
iivcrall length, is shown. 

This observation perhaps indicates that in l l ic l)rc,ikdiiwii process, 
these l i igh gradicnl insulalor slruclurcs exhibit a similar brcakdowii 
nicclianisin as conventional insulators cxccpl on the layer pcriod scale 
(i.e. over length ill), atid exhibit only wcak coiipling to the adjoining 
layers on the macro-scale ( i . i z .  11ver Iciig~li d). 

3 MODELING 

Voltage breakdown ior insulators surrounded b y  vxuiiiii is hclicvcd 
to take place along the insulator surface and iiol with in  llic insulalor or 
exterior to the insulalor in lhc vaciiuiii. Ilrcaktlowii occurs on tlie titiio 
scalc of nanoseconds, making lhis a di i f icul l  process to study cxperi- 
mental ly The b'isic physical procases invo lvrd arc poorly understood. 
Present theories of surfacr breakdown arc mainly descriptive, a n d  arc 

mil suited for tlic purpose o i  designing insulators. Uuc lo Ihc compu- 
talionally intensive nalur(: o i  a scli-consislcni modcl oi suriacc brcak- 
down, icw attempts have bccii made to mudcl  the cornplctc process. 

Thr lwo iuost widely accepted published models for surface brcak- 
dousu fiirus 011 the i i i i t ial  process llccurring cithcr just below or just 
'ibovc tlie insu1,itor surface [ 19, 221. These models f~icus rcspcclivcly on 
solid stale physics pl iruonsna, and tlic propagatioii and emission oi 
clcclrons through the vacutiin just cxlcrior lo the insulator siirlacc. Iloth 
modcls lead lo surfacc heating, and cvapomlion o i  gas irom tlic i i isu- 
Iator. I ' l i i s  cvapiiratcd p s  i s  the l i icd ium where ultiinately tlie vollagr 
brcakdowii occurs along very localized 'slreamcr' channels. I' 
in l l ic  cvaporatcd pas close lo the insulator surface where the d 
forins can reach a sigiiiiicant iraction of almosphcric pressure. 'The sur- 
face breakdown i s  l ikcly 10 tic closely rclalcd to high-pressure voltage 

We Iiavc comparrd proccsscs involved in sur iace breakdown wi th  
o lhr r  we1 I uiidcrslood brcakdoivn phciioiiiciia at high pressure. Our 
conclusion is tlial a n  accumtc tlicorclical iiiodcl iif surface brcakdiiwn 
iiiusl also iiicludc Ihe long time scalc cvolulioii o l  tlie streamer dis- 
charge though lhc evapiiraticd gas. I'tirtlicr, h e  t ip  (I( a p ropapt ing  
slrcanier is kiiowii to ~~roducc iiilcnsc liifili-eiiergy radiation cniissioii 
that IVC bclicvc c a n  lead to plioloconduclioii in the insulator. Uecause 
coniiuction in the insulalor slmiigly modi i i rs  t l i r  voltage ilial drives the 
strcaiiier discharge, accurate coupling oi the streamer to the insulatiir 
also inust be included. l'lius, our miidcling approach is tliat tlic siiriace 
bmkdown couplcs coiiipctiiig Q ~ O C C S S C S  inside and external iii the di- 
electric surface, and ilia1 a dclailcd, sell-ciinsistent modcl inust bo h i l t  
to study this process accurately 

Our baseline code is lNI)UCT% 1241. This code is a plasnia discharg? 
code that hasbecn applied to plasma rcaclors, flat pancl plasma display 
discharges, strcaiiicr discharges and  olhcr probleiiis invdv ing  complex 
systems. II solves the slamlard time dcpcndcnl f luid equalions of tlic 
form 

and 

N " ( 2 )  

for the ions, wlicrc /i; is t l i r  sotircc lcrin for the changes in lhc i o n  
dcnsilics. hnd lor the rlectrons 

w i l l i  the enrrxy hdancc> ciluation 

where I'? is the electron flux and Pi,,, is llic energy loss rate due to 
iiiolastic collisions. 

I'reliminary cxamplcs of two geometries and results arc s h o w  it1 

Figures 7 and R. 'l'liis simulation ~ 7 a s  pcrforincil w i th  tlie updated 
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Figure 7. I N D M  I modcling for two sccondavy cmissiiiii caotlicients 
and a straight wall insulator (11 = (1''). (a) Input gcomctry and (b) Icsult. 

version of 1 N l ~ u c l ~ ~ / I l Y n i ~ l l )  and nscs a Monte-Carlo trcalincnt of 
clcctrons and a fluid lrcatinent of ions lo follnw the discharge devel- 
opment. Several geometry conliguralions and suriace materials werc 
investigated. 'lhc standard configuration sludicd had a n  eleclrodc scp- 
aration of I nim with an applicd voltagc ol 50 kVJcm. An insulator 
with II permittivity, E ,  15 was placed between the electrodes. The 
dieleclric was cnnsidered to either have a flat surface (Figure 7) or n 
step discontinuity (Figure 8) halfway between the clcctrodcs. Electrons 
were launched with random initial direction ironi the cathnde triple 
poinl until they either slruck the insulator or the anode. Upon striking 
Ihc insulator, eleclrniis generated secondary electrons. 

The secondary emission yield is a ~trong function oiiiicidcnt clcctron 
energy Secondary yield profiles were niodcled for A1203 and Cr203. 
The secondary yield for has a maximum nf 2.42 while the Cr203 
peaked at 0.98. A yield higher than unity implies that the eleclroii im- 
picl can lead to a posilivc surface charge on the insulator as more than 
one electron will be emitted. Simulation results showed slrong posi- 
tive surlacc charging for Al2O3 and weak ncgalivc surface charging for 
Cr203 for the flat dielectric case (Figure 7). Regions of positive suriacc 
charge on the insulator attract clectroiis einittcd iroin the triple poinl 
and clectmns einitlcd by secondary emission. This altraction leads to 
enhanced scattering onto Ihc insulator surface which resulls in ava- 
lanche. For Cr203, the negative surlacc charge repelled clcctrons Iroin 
the triple point, reducing scattering and no avalanche was obtained. 
As would bc expected, the insulatnr geomelry was fnund to iniluciicc 
surface charging strongly A step dielcctric geomelry was also mod- 
clcd for A1203. Strong negative surface charging developed along the 
step due to high-energy electron impact (the secondary emission yield 
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Figure 8. INDU("I  inirdeling for a straight wall insulalor with an out- 
ward stcp discuntinuiiy at z ~ (1.5 mm. (a) Input geoinctry and (b) 
result. 

drops below unity at high energy). This negative charge repclled elec- 
trons npward away from thc insulalor surface, inhibiting the avalanche 
growlh for this geometry 

4 SUMMARY 

P arc continuing developincnt of cl new high gradient insulator W technology The insulator consisls of finely spaced metal clcc- 
lrodcs or metalized coatings interleaved with the insulator substrate. 
We observed factors of 1.5 to YL improvement in the vacuum surface 
flashover lhrcshold &, uver convcnlional straight wall (0 = no) in- 
sulators. Wc have also tested the susccptibility of these insulators to 
breakdown under various conditions: surface loughncss resultiiig from 
different fabrication techniques and the effect of gas pressure. There is 
preliminary evidence that suggests each layer obeys a classical clcctron 
clesorpiion scaling rule of b;t,,i = d Y . 5  except that the scaling parame- 
ter is layer thickness and not overall length. Further, w e  arc developing 
the necessary design tools to model and furthcr scale the behavior of the 
high gradient iiisulatnr. 1;rom our study of present models, wc conclude 
that an accurate theoretical model of surface breakdown must a h  treat 
photo-ionization during the long time scale evolution of the streamer 
discbargc through the evayoralcd gas. That is, the tip of a propagating 
streamer is known to produce intensc higli-energy radiation emission 
that we believe can lead to photoconduction in the insulalor. As con- 
duction in the insulator will slrongly modify the voltage, which drives 
the streamer discharge, accurate coupling oi the sireamcr to the insda- 
tor was included. M'c showed initial calculations that were performed. 
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