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Improved unitary and..multicomponent gaseous insulators are systematically . . .  

I designed according to detailed knowledge of fundamental electron-molecule 

I .  interactions. Knowledge of the electron attachment and electron slowing-down 

I properties of dielectric gases/mixtures as functions of .electron' energy .is , . 

showh to be especially. si.gnificant. On the basis of such knowledge it is 
. . 

possible to improve the gaseous dielectric's breakdown strength by effectively 

I controlling the numbers and energies of the electrons present. Several 
. . . . . . 

unitary (e.g., 'qF6' c-C 4 F 8' and iso-C . 4 8  F ) and multicomponent (e.. g., C4F6/ 

I SF /N and c-C F /C F /SF6/N2) gaseous systems have been tested and found to 
6 2 4 8  .46 

I have better DC breakdown strength propertiesthan SF6. .These findings are 

reported and discussed. 

. . 

Knowledge of fundamental electron-molecule interactions is being applied . . 

. . . . .  . . 
. . 

to'the understanding and design of improved gaseous dielectrics for'power 

transmission and other high voltage applications. The breakdown measurements. I .  
I ' 

.reported in this paper .have been performed in DC uniform fields for ease in 

. . . . 

.correlation with the basic data on electron-molecule interactions. Our 

ultimate goal is to design and improve gaseous dielectrics and to develop 
* 

design rules for their engineering applications. 

I In a gas under an electric field, free electrons may form an avalanche, 

which may lead to a Townsend or a streamer-type breakdown, or (in 'nonuniform 

fields) to corona. Advances in inhibiting breakdown can be made 

controlling both the numbers and energies of free electrons in the dielectric 

gas by a systematic applicationof fundamental knowledge of the underlying 

electron-molecule interaction processes. The free electrons in a gas have a 

distribution of energies extending over a considerable range. Since the many 
. . . . . . .  . . 

. ' I '  

. . . . . . - .  



i n t e r a c t i o n s  between molecules and e l e c t r o n s  t h a t  lead t o  breakdown possess 

1 
var ious  p r o b a b i l i t i e s  t h a t  depend on e l e c t r o n  energy, t h e  events  of 

importance a r e  q u i t e  complex. In t h e  Townsend and streamer breakdolm models 

t h i s  complexity i s  circumvented by t h e  use 'of '.'lumped- parametersf '  (such a s  

- 
a = u - 11 when a i s  t h e  f i r s t  Tounsend i o n i z a t i o n  c o e f f i c i e n t ,  and T-I i s  t h e  

e l e c t r o n  attachment c o e f f i c i e n t )  t h a t  a r e  a c t u a l l y  determined by t h e  d e t a i l s  

02 t h e  complex fundamental i n t e r a c t i o n s .  These lumped parameters,  useful  a s  

they a r e  f o r .  engineering design,  t e l l  u s  l i t t l e  -about t h e  fundamental 

i n t e r a c t i o n s  t h a t  i n i t i a t e  (or  i n h i b i t )  breakdown. Each fundamental 

elcctron-molecule i n t e r a c t i o n  i s  described by t h e  p r o b a b i l i t y  (per u n i t  

d i s t a n c e  of  e l e c t r o n  t r a v e l  through t h e  gas) t h a t  t h i s  p a r t i c u l a r  r eac t ion  

occurs.  This  p r o b a b i l i t y  i n  a gas whose number dens i ty  i s  N i s  No, where 

a is  a  func t ion  of  e l e c t r o n  cnergy and i s  c a l l e d  the  c ross  sec t ion  f o r  t h a t  

p a r t i c u l a r  electron-molecule i n t e r a c t i o n  process.  (The term c r o s s  sec t ion  

. . 
i s  der ived from i t s  u n i t  o f  area', suggest ing t h e  i n t e r p e t a t i o n  o f  .an 

e f f e c t i v e  t a r g e t  s i z e ;  however, a  given molecule a c t u a l l y  has no one 

"size" because a depends on t h e  molecule, t h e  kind of r e a c t i o n ,  and t h e  

impacting e l e c t r o n ' s  energy.) 

I t  i s .  t h e  t h e s i s  o f  t h i s  work t h a t  breakdown Can be . . inh ib i t ed  by 

reducing t h e  numbers o f  f r e e  e l e c t r o n s  and by reducing t h e  energies  of  those 

e l e c t r o n s  remaining f r e e .  The number o f  e l e c t r o n s  i s  t o  be reduced by using 

gas molecules which -a t tach  e l e c t r o n s  t o  themselves, t y i n g - u p ,  t h i s  way, f r e e  

e l e c t r o n s  i n  negat ive  ions  which a r e  too  l a r g e  and too  slow t o  p a r t i c i p a t e  i n  

breakdown formation. Since d i f f e r e n t  molecules possess d i f f e r e n t  a b i l i t i e s  

t o  a t t a c h  e lec . t rons  a t  d i f f e r e n t  energies ,  t h e  bes t  d i e l e c t r i c s  should be 

multicomponent gas mixtures designed sys temat ica l ly  according t o  fundamental' 

kaowledgc so  t h a t  t h e  a t t a c h m e n t  c ross  sec t ions  a r e  a s  l a r g e  a s  poss ib le  over 



a s  wide an energy range as' poss ib le .  In an i n s u l a t o r  c e r t a i n  

molecules should a l s o ' b e  employed f o r  the  purpose of  reducing t h e  energies 

of  f r e e  e l e c t r o n s  not  only because thks  w i l l ' d i r e c t l y  he lp  i n h i b i t  

i o n i z a t i o n  but  ' a l so  because bas ic  physics d i c t a t e s  t h a t  electron' ,at tachment . . 

can be e f f e c t e d  well only  a t  lower energies  ( z  1. eV), and t h e  attachment 

process  i s  thus  enhanced by helping t o  confine f r e e  e l ec t rons  t o  these  

lover  energies  where they a r e  sub jec t  t o  e f f e c t i v e  capture .  

On t h e  b a s i s  of  the -above  philosophy we have undertaken a programof 

studying breakdown s t r e n g t h s  of  gases/mixtures,  f i r s t  i n  DC uniform f i e l d s .  

Simultaneously, fundamental da ta  a r e  being compiled, and new d a t a  a r e  being 

obtained on e l e c t r o n  attachment and e l e c t r o n  slowing-down c ross  sec t ions  a s  

func t ions '  o f  e l e c t r o n  energy. ,The breakdown and fundamental d a t a  a r e  

c o r r e l a t e d  i n  t h e  design of gaseous d i e l e c t r i c s .  Chemical and physical  p roper t i e s ,  

t h e  e f f e c t s  o f  nonuniform f i e l d s ,  rough surfaces ,  and ? a r t i c l e s ,  a s  well a s  AC 

and impulse t e s t s ,  e t c . ,  a r e  a l s o  being considered, but  p r e s e n t l y  the  emphasis 

i s  on t h e  ques t ion ,  !What i s  it t h a t  makes a good gaseous d i e l e c t r i c ? "  

~ x ~ e r i h e n t a l  Apparatus and Procedure 

Desired Measurements 

The p resen t  breakdown measurements were confined t o  DC, 

very uniform e l e c t r i c  f i e l d s ,  f r e e  of e f f e c t s  due t o  

su r face  roughness and contaminants. Resul ts  under such condi t ions  a r e  t h e  

e a s i e s t  t o  c o r r e l a t e  with fundamental electron-molecule interactions and 

b a s i c  t h e o r i e s  o f  breakdown, and they make it  e a s i e r  t o  understand e f f e c t s  of 

varying experimental parameters.  Although l a r g e  d i f f e r e n c e s  i n  d i e l e c t r i c  

s t r e n g t h s  a r e  being sought u l t ima te ly ,  considerable p rec i s ion  was des i rab le  



i n  breakdown measurements t o  r e v e a l  small  d i f f e r e n c e s  which might lead  t o  

l a r g e r  improvements, 

Data Acau i s i t i on  Techniques 

The b a s i c  experiment beg ins  wi th  t h e  evacuat ion  of  a c l ean  

chamber t o  a low p r e s s u r e  (on t h e  o r d e r  of  t o r r )  and t h e  in t roduc t ion  o f  
. . 

an a c c u r a t e l y  measured q u a n t i t y  o f  t h e  gas/mixture t o  be t e s t e d .  The gap 

between uniform f i e l d  e l e c t r o d e s  i s  a d j u s t e d  by a micrometer d r i v e .  The h igh  

v o 1 t a g e . i ~  s e t  t o  some I1base" v a l u e  below t h e  breakdown vo l t age ; '  An automatic  

feedback system r a i s e s  t h e  a p p l i e d  v o l t a g e  s lowly  and l i n e a r l y  a s  it i s  

sampled r e p e a t e d l y  by a d i g i t a l  vo l tme te r .  A f t e r  breakdown i n  t h e  t e s t  gap, 

a p a r a l l e l  d i v e r t e r  gap i s  broken down t o  r e l i e v e  t h e  t e s t  gap o f  vo l t age  and 

t o  remove t h e  power-supply-stored energy i n  t e n s  o f  microseconds; on a longer  . . 

t ime  s c a l e  t h e  inpu t  v o l t a g e  t o  t h e  supply i s  lowered back t o  t h e  "base" 

l e v e l .  Meanwhile, t h e  d i g i t a l  vo l tme te r  i s  he ld  a t  t h e  l a s t  vo l t age  sample 

acqu i r ed  be fo re  t h e  breakdown began. Af t e r  t h e  d a t a  have been recorded,  t h e  

e n t i r e  c y c l e  is  r epea t ed .  

Chamber 

Most d a t a  were ob ta ined  i n  a s t a i n l e s s  s t e e l  system o f  approximately 

30 l i t e r s  volwne wi th  uniform f i e l d  e l e c t r o d e s  (descr ibed  i n  t h e  fol lowing 

s e c t i o n ) ;  u n l e s s  o the rwi se  noted ,  t h e  d e s c r i p t i o n  w i l l  b e  given f o r  t h a t  

system, a l though some d a t a  were acqu i r ed  i n  a very  similar pro to type  appara tus  

d i f f e r i n g  p r i m a r i l y  i n  volume (approximately 10 l i t e r s )  and e l e c t r o d e s  ( a  

sphere-p lane  p a i r  wi th  f i e l d  d e v i a t i o n  from un i fo rmi ty  on t h e  o rde r  o f  0 t o .  3 % ) .  

Before t h e  admission o f  t h e  t e s t  g a s ,  t h e  chamber i s  pumped by 
. . 



. , cryogenic pumps,..a titanium.sub1imation pump, a 200-liter/second ion pump, and 

a mechanical forepump.. Test gas pressure is measured by a Wallace and Tiernan 

series 1500 absolute pressure gauge with a range of 0-10 atm and an accuracy 

of + 0.066% of full scale. The chamber provides ports. . . . . .  with windows for 

I visual access and ultraviolet irradiation, as well as ports for test gas 

inlets. All data reported here were taken at room temperature (% 20°C). 

Electrodes 

The chamber.containe'd the' "uniform fieldff electrodes resembling discs 

5-1/2 inches in diameter, machined on a computer-driven lathe and polished to 

approximately 0.1 micron surface roughness. The basic design of Pearson and 

~arrison~ was followed for the electrode shape, but the.numbers in their 

table of coordinates were smoothed and interpolated by us to provide a more 

detailed table for the computer; The design was intended (taking the adjacent 
. . 

chamber walls -into account) to provide an electric field that was (1) uniform 

. . 
to within 0.2% in the central gap and (2) weaker along the electrode edges. . - 

These two conditions were imposed because highly efsective insulating gases . . 

3 
can be extremely sensitive to small irregularities of electric field. 

1 .  The test electrodes are irradiated through a sapphire window by a 60 W 

deuterium ultraviolet lamp. Electrode axes and surfaces 'are aligned by set 

screws on the high voltage electrode while the electrodes are in contact. 

I After the test gas has been admitted, the gap is adjusted by driving the 

ground electrode toward the HV electrode with a micrometer drive feedthrough 

until electrical contact is first observed, and then driving the electrodes 

apart to the desired gap distance. 

I Gas mixtures were formed according to the partial pressures of the 

I ' . constituents, with those of lowest vapor pressure being introduced first; 

the partial pressures of subsequently introduced component gases were measured 
. . . .  . . .  ., . > . .  : . . .  . . . . , . .  . . 



by t h e  p ressure  inc rease  each produced. I t  ha; been found t h a t  gases a r e  

I mixed well i n  t h i s  appara tus  by maintaining high vol.tage a c r o s s  a wide 
. . 

e lec t rode  gap f u t  s eve ra l  minutcs. 

~ l e c t r i c a l  Apparatus 

I The e l e c t r i c a l  system of  t h e  apparatus i s  diagrammed i n  Figure 1. The 

h e a r t  o f  t h e  e l e c t r i c a l  system i s  a d i g i t a l  voltmeter  (Hewlett-Packard 3450) 

which samples t h e  output  of  a 1000:l d i v i d e r  probe approximately 20 times per  

I second. .  When breakdown of  t h e  t e s t  gap i s  detec ted  o p t i c a l l y  by a 

p h o t o t r a n s i s t o r  spark d e t e c t o r ,  a l o c a l l y  b u i l t  . c o n t r o l l e r  c i r c u i t  commands 

t h e  vol tmeter  t o  hold t h e  l a s t  sample acquired before  t h e  breakdown, thus  

i , preserving a 4 -d ig i t  va lue  o f  breakdown vo l t age .  This  value i s  k n o m . t o  be 

1 ,  . . '  somewhat lower than  t h e  t r u e  breakdown vol tage  (s ince  t h e  app l i ed  vol tage  was 

i ' '  

r i s i n g  before  breakdown), but  t h e  e r r o r  i s  c o n t r o l l a b l e  and q u i t e  small.  For 

- 1 
a t y p i c a l  meter sampling r a t e  o f  20 s e c  and a t y p i c a l  vo l t age  r i s e  r a t e  of 

100 V/sec, t h i s  meter sampling e r r o r  i s  between 0 and + . 5 V .  

The power supply provides zero t o  5 125 kV DC with r i p p l e  l e s s  than 0.1%. I 
~ o s i t i v e ' . o r  negat ive  p o l a r i t y '  i s  s e l e c t e d  by a switch submerged i n  an o i l  .tank 

a l s o  containing.  t h e  140 MQ, 1000:l r e s i s t i v e  vo l t age  d i v i d e r  probe s t r i n g .  
. . 

A l l  measuremen.ts repor ted  i n  t h i s  paper were made with t h e  nega t ive  p o l a r i t y .  

The c o n t r o l l e r  c i r c u i t  genera tes  a slowly. r i s i n g  (ramp) re fe rence  

I waveform s e l e c t e d  t o  des ignate  t h e  des i red  high vo l t age  v a r i a t i o n .  A feedback.  I 
c i r c u i t  compares t h e  vo l t age  d i v i d e r  output  with t h i s  r e fe rence  and opera tes  

a motor-driven v a r i a b l e  autotransformer according t o  t h e  e r r o r  s i g n a l ,  making 

t h e  high vo l t age  fol.J'ow the  re fe rence  waveform. The resul t ing .HV waveform i s  

q u i t e  smooth because of  t h e  smooth opera t ion  of  t h e  v a r i a b l e  autotransformer . .  

(two p a r a l l e l  Superior  E l e c t r i c  powerstats  loaded f a r  below r a t e d  cur ren t  and 

r o t a t e d  by a p r e c i s i o n  s tepping motor) with add i t iona l  smoothing from t h e  HV 
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power supply filter capacitor. Breakdown voltage values held by the voltmeter 

can be automatically recorded by a teletype printer. The timer automatically 

recycles the breakdown voltage measurement process after a (variable) delay of 

a few seconds. The counter can be used to halt the experiment after. a desired 

number of breakdowns and to notify personnel. 

The diverter gap.is a trigatron pair of brass' semispheres (each 60% of 
' 

a 5-inch-diameter sphere) connected across the HV line between the power 
. . . . 

supply output capacitor and the test gap and voltage divider, as shown . . in 

Figure 2. In these experiments of negative polarity, only the grounded 

diverter main electrode has a trigger electrode, although provision is made 

for triggering both main electrodes. This trigger consists of 1/8-inch- 

diameter tungsten rod inside a 5/16-inch-outside diameter quartz rod, which 

is in turn fitted tightly in a hole drilled through the cent.er of t.he 

trigatron electrode. The trigger is activated by a 50-kV pulse from a high 

performance auto ignition system (which can fire with a 2 millisecond period 

if required) upon command from the spark detector circuit. 

To protect the instrumentation from the RF radiation of the breakdown, a 

copper mesh shielding cage surrounds the test chamber, diverter, voltage . 

divider, . . and high . .. voltage section of the power supply. Interlocks also . . .  

protect personnel. All electrical connections for power and instrumentation 

inside the cage are made via capacitive feedthrough filters mounted through 

the cage wall. Water and gas exhaust connections are carried through the 

cage walls by wave guides. The single central ground point for the entire 
. . 

apparatus is formed by a copper plate mounted .in the cage, wall and accessible 

Srom both inside and outside the cage. 
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Breakdown ~ e s u l t s  

The breakdown s t r e n g t h s  o f  t h r e e  f luorocarbon gases ,  measured f o r  DC 

uniform f i e l d s  a s  desc r ibed  e a r l i e r ,  a r e  p re sen ted  2n Figure  3 ; . e a c h  po in t  

r e p r e s e n t s  an  average o f  a t  l e a s t  10 breakdowns. Also shown i n  F igure  3 a r e  

breakdown v o l t a g e s  measured f o r  SF under i d e n t i c a l  experimental  cond i t i ons .  
6  

A l l  t h r e e  f luorocarbons  a r e  seen  t o  have b e t t e r  d i e l e c t r i c  s t r e n g t h s  than SF 
. . . . . . 6 ' 

e s p e c i a l l y  C4F6 (hexafluorobutyne)  which i n  t h e  E/P range  i n d i c a t e d ,  i s  more 

than  a f a c t o r  o f  2  b e t t e r  t han  SF6. 

The breakdown s t r e n g t h s  o f  v a r i o u s  mixtures  of  f luorocarbons ,  SF and N2 
6 ' 

were s y s t e m a t i c a l l y  measured t o  c o n s t r u c t  an experimental ly-based p i c t u r e  o f  

t h e  e f f e c t i v e n e s s  o f  t h e s e  gases  a s  a d d i t i v e s  t o  N2 and t o  c o r r e l a t e  t h e i r  

e f f ec t ivenes ' s  wi th  t h e i r  c r o s s  s e c t i o n s  f o r  e l e c t r o n  at tachment  and e l e c t r o n  

slowing-down a s  f u n c t i o n s  o f  e l e c t r o n  energy, a s  wel l  a s  t h e i r  i nd iv idua l  

breakdown s t r e n g t h s .  Table 1 shows r e l a t i v e  breakdown s t r e n g t h s  obta ined  f o r  

C F  /SF6/N2 mixtures ;  t h r e e  o f  t h e s e  mixtures  were bo th  b e t t e r  a s  d i e l e c t r i c s  
. 4  6 

.. - . . .  . . . . . .  3 .. 
t h a n   SF^ and chiape; than-  SF; ( b a s k d  o n  cost e s t i m a t e s  o f  $0 .00 l / f t  f o r  

3  3  
N2 ,  $0 .83/ f t  f o r  SF6, and $2 .50/ f t  f o r  C4F6 : ' [ ~ e f .  41) .  The r e s u l t s  i n  

~ a b 1 e . l  i n d i c a t e  t h a t  C F  i s  extremely e f f e c t i v e  a s  a n  a d d i t i v e  t o  N2. I t  
. . . .  . . . . . .  . . . . . . .  . . 4 . 6  . -  . . . . . 

should be noted t h a t  a  mixture  con ta in ing  N2 i s  expected t o  be  b e t t e r  i n  

comparison t o  SF under  nonuniform f i e l d s  and impulse v o l t a g e s  t han  under 6  
. . 

DC uniform f i e l d s .  

Table  2  shows measurements made on t h r e e -  and four-component mixtures  i n  

which N2 was t h e  primary gas .  The e f f e c t  o f  removing any one a d d i t i v e  (and 

r e p l a c i n g  it by N p )  was i n v e s t i g a t e d .  C4F6 was found t o  be t h e  most e f f e c t i v e  

a d d i t i v e  a t  t h e  10% l e v e l ,  followed i n  decreas ing  o r d e r  o f  e f f e c t i v e n e s s  by 

C3F8, SF6 , and c-C4F8. 



O R N L - D W G  76-48088 

Fig .  3.  Measured breakdown s t r e n g t h s  of s i n g l e  gases  ( u n i t a r y  systems) .  



TABLE 1 

Relative Breakdown Strengths" of Some Two- and 
Three-Component Gaseous Mixtures 

Gaseous Mixture 
AVs ( k" 

A(Pd) atm-mm 1 
--  

2 - 'qF6 - SF6 
100% - - 2.98 
- - 100% 8.65 
- 100% - 19.76 
90% 10% - 6.77 
80% 2 0% - - 8.71 
70% 30% - 10.18 
8 0% - 20% 6.53 
8 0% 10% 10% 7.60 
60% 20% 20% 9.51 
5 0 % 3 0 ° 6  2 09 11.51 

Plane-plane, uniform-field geometry. The total 
pressure was 500 torr. 



TABLE 2 

R e l a t i v e  Breakdown s t r e n g t h s *  of  Some Four- 
Component . . . . . . . ~ a s e o u s  Mixtures  . .  .. . . : .  . , . .  . .. , . .  . .  

L 

R e l a t i v e  

Gaseous Mixture  A v ~  ( kV Avs 1 - A atm-m A (Pd) 

60% 10% 10% 10% 10% 8.39 100 % 
70% 10% 10% - 10% 8.32 99.2% 
70% 10% - 10% 10% 8.00 95.4% 
70% 10% 10% 10% - 7.  SO 93.0% 
70% - 10% 10% 10% 6.75 80.4% 

*Plane-plane,  un i fo rm- f i e ld  geometry. The t o t a l  
p r e s s u r e  was 500 t o r r .  



The breakdown s t r e n g t h s  measured f o r  s i n g l e  a d d i t i v e s  (C F iso-C F 4 ,6' 4 8' 

c-C F SF ) t o  N 2  a r e  shown i n  Figure 4. Although f o r  each case t h e  
4 8' 6  

d i e l e c t r i c  s t r e n g t h  of  t h e  mixture inc reases  more r a p i d l y  with increase  i n  

a d d i t i v e  a t  small. quan t ' i t i e s  o f  t h e  add i t ive ,  the  o t h e r s  do not su f fe r  f rom. '  .,... 

t h e  marked s a t u r a t i o n  e f f e c t  evident  f o r  t h e  SF a d d i t i v e .  C4F6 i s  t h e  bes t .  6  

a d d i t i v e  f o r  any propor t ions ,  while SF is  only b e t t e r  than iso-C4F8 and 6 

c-C F a t  low propor t ions  o f  a d d i t i v e .  Prel iminary r e s u l t s  on mixtures o f  4 8 

these  gases with a buf fe r  gas composed of equal q u a n t i t i e s  of N2 and C02 l e d  

t o  s i m i l a r  conclusions.  

Discussion 

The e l e c t r o n  attachment c r o s s  s e c t i o n s  n~easured i n  a  sepa ra te  experiment 

, f o r  SF6, c-C4F8, C4F6, and iso-C4F8 f o r  e l e c t r o n  energies  up t o  1.4 eV a r e  

shorm i n  Figure 5 a long 'wi th  t h e  ca lcu la ted  maximum c r o s s  sec t ion  f o r  s-wave' 
. . 

capture .  A s  exemplified by t h i s  maximum value. a s  a  func t ion  of energy, b a s i c  

physics  l i m i t s  attachment c r o s s  s e e t i o n s . t o  s m a l l e r ~ v a l u e s  a t .  higher energies;  

the re fo re ,  i f  breakdown i s  t o  be c o n t r o l l e d ' b y  e lec t ron  attachment; e i t h e r  t h e  

e l e c t r o n s  must b'e captured before  t h e  e l e c t r i c  f i e l d  a c c e l e r a t e s  them above t h e  

energy range 0 .0  t o  Q . 2  eV, o r  gases  must be added ' t o  ' e f f e c t i v e l y  slow down 

e l e c t r o n s  which reach h igher  energies ,  t h u s  r e tu rn ing  them t o  t h e  energy 

range where they  a r e  l i k e l y  t o  be cap tu red .  I t  i s  noted 
. . 

t h a t  although N2 does not  capture  e l e c t r o n s  i t s e l f ,  it i s  n e v e r t h e l e s s  a good 

b u f f e r  gas because it possesses a  negat ive  ion resonance a t  Q 2 . 3  eV which 

i s  very  e f f e c t i v e  i n  slowing-dorm e l e c t r o n s  around t h i s  energy. 
1 

, 
The attachmcnt c r o s s  s e c t i o n s  i n  Figure 5 begin t o  r evea l  a  p i c t u r e  of  

e f f e c t i v e  breakdown contro ' l ,  although f u r t h e r  d e t a i l s ,  both on e lec t ron  
' 

' a t t achment  and on t h e  i n e l a s t i c  p r o c e s s ~ s  t h a t  slon.down e l e c t r u n s ,  must s t i l l  ' . . '  

be obtained.  F igure  5 suggests  







1 .  

t h a t  a l l  f o u r  molecules a r e  good d i e l e c t r i c s  because of t h e i r  high e lec t ron  

a t t r a c t i o n  c r o s s  s e c t i o n s .  I t  a l s o  i n d i c a t e s  t h a t  C F  has the  b e s t  4  6  

d i e l e c t r i c  s t r c n g t h  o f  t h e  four  by v i r t u e  nf  i t s  l a r g e  c ross  s e c t i o n  t o  

s u b s t a n t i a l l y  h igher  'energies compared with SF c-C4F$, and iso-C4Fg.' The . . . . 

6' 

b e t t e r  d i e l e c t r i c  s t r e n g t h  p r o p e r t i e s  of  t h e  two C F  forms compared with' 
4  8  

SF may s i m i l a r l y  be due t o  t h e  f a c t  t h a t  they can a t t a c h  e l e c t r o n s  over a  
6  

wider. energy range than SF I t  would appear from t h e  d a t a  i n  Figure 5 t h a t  
6  ' 

e f f e c t i v e  e l e c t r o n  attachment i n  t h e  energy range % 0.5 t o  % 1.5 eV is very 

s i g n i f i c a n t  i n  c o n t r o l l i n g  breakdown. I t  i s  no t  y e t  c e r t a i n  a s  t o  why t h e  

iso-C4F8 i s  a  b e t t e r  d i e l e c t r i c  tllair c-C F  when t h e  l a t t e r  has a l a r g e r  . 
4  8  

c r o s s  s e c t i o n  i n  t h e  0.2 t o  1 .0  eV range than t h e  former. However, it should 

be noted t h e  iso-C4F8 has a  much l a r g e r  attachment c ross  sec t ion  than the  

c-C F  below 0.2 eV, and i t  conta ins  a  double bond which i s  l i k e l y 5  Lo 
4 8 -  

provide i n e l a s t i c  i n t e r a c t i o n s  with f r e e  e l e c t r o n s  t o  slow them down t o  

energies  where capture  i s  more e f f i c i e n t .  

One s t r i k i n g  f e a t u r e  o f  t h e  SF s c a t t e r i n g  c ross  s e c t i o n  i n  Figure 5 
6 

i s  t h a t  i t s  value  i s  r e l a t i v e l y  q u i t e  small above % 0.4 eV, while those  f o r  

t h e  f luorocarbons a r e  s u b s t a n t i a l  up t o  % 1.2 eV. This may suggest  t h a t  

SF i s  a  poorer  d i e l e c t r i c  compared with t h e s e  f luorocarbons because it l o s e s  
6 

con t ro l  o f  f r e e  e l e c t r o n s  once they a t t a i n  an energy of  0.4 eV, and they 

continue a c c e l e r a t i n g  i n  t h e  appl ied  e l e c t r i c  f i e l d .  

The breakdown s t r e n g t h s  o f  mixtures of SF6 and the  above-mentioned 

f luorocarbons each with N were shown i n  Figure 4 .  The b e t t e r  d i e l e c t r i c  2 

each f luorocarbon i s  i n  i t s  pure form, t h e  b e t t e r  it is a s  an a d d i t i v e  t o  

N2 (see Figures  3 and 4 ) .  There i s  r e l a t i v e l y  l i t t l e  depar ture  from 

l i n e a r i t y  f o r  t h e  mixture breakdown s t r e n g t h  versus  propor t ion  of  each 

a c c i t i v e .  SF appears i n  small amounts t o  be a s  good an a d d i t i v e  t o  N2 a s  
6  



/ 

t h e  f luorocarbons ,  altd even b e t t e r  than  t h e  t b : j . 6 i ~ ~  forms. Horiever, . ' 

i n c r e a s i n g  t h e  p r o p r t i c i l  o f  SF a d d i t i v e  provi.des r e l a t i v e l y  l i t t l e  ga in ;  
6 

i. e., t h e  b e n e f i t  ~ h d d i n g  SF seems t o  " sa tu ra t e . "  This  p o i n t  i s  s t i l l  
6  

. . 
under i n v e s t i g a t i o n ,  b u t ' i t  aplloars t h a t  t h i s  behavior .may be due t o  t h e  

. . 

f a c t  t h a t  ( s ee  F igure  5 3  a  modest amount o f  SF6 could a t t a c h  almost - a l l  

e l e c t r o n s  a t  low e n e r g i e s  (0 t o  'L 0 .4  eV), so t h a t  a d d i t i o n a l  an~otizts of SF6 
.. . 

s e r v e  l i t t l e  purpose.  On t h e  o t h e r  hand, t h e  f luorocarbons  a t t a c h  e l e c t r o n s  

over  a  wider p a r t  o f  t h e  f r e e  e l e c t r o n  energy d i s t r i b u t i o n  and i n c r e a s i n g  

t h e i r  p ropor t ions  p rov ides  a d d i t i o n a l  a t tachment .  I t  i s  s t r e s s e d  t h a t  it is  

important  t o  a t t a c h . e l e c t r o n s  over  a f a i r l y  wide energy . range  and t h a t . i t  

iiould b e  advantageous t o  u s e  ( i n  a d d i t i o n  t o  e l e c t r o n  a t t a c h i n g  molecules) 

molecules  which can slow down e l e c t r o n s ' t h a t  have a t t a i n e d  enough energy t o  

escape t h e  e f f e c t i v e  at tachment  energy range,  t h u s  r e t u r n i n g  them t o  the  

. . energy range where they  a r e  more r e a d i l y  a t t a c h e d .  

Although t h e  p r e s e n t  breakdown d a t a  a r e  f o r  uniform f i e l d s  without  

s u r f a c e  roughness o r  p a r t i c l e s ,  t h e y  suggest  t h a t  SF6 may t end  t'o be  an 

i n f e r i o r  d i e l e c t r i c  . in  l o c a l l y  nonuniform f i e l d  ( e - g . ,  around s u r f a c e  

roughness  and p a r t i c l e s )  t o  gases  a b l e  t o  a t t a c h  e l e c t r o n s  over  a  wider  

energy range  than  SF .Th i s  suggest. ion i s  made because t h e  enhanced f i e l d  6  ' 

a t  a rough s u r f a c e  o r  a t  a  p a r t i c l e  would. s h i f t  t h e  f r e e  e l e c t r o n  energy 

d i s t r i b u t i o n  t o  h ighe r  e n e r g i e s  and thus  away from t h e  r e l a t i v e l y  narrow 

low-energy range  where SF a t t a c h e s  e l e c t r o n s  s t r o n g l y .  Hence, f r e e  e l e c t r o n  
6 

c o n t r o l  by a  gas/mixture which a t t a c h e s  e l e c t r o n s  over  a  wider energy range.  

In  conclus ion ,  t h e  des ign  o f  improved gaseous d i e l e c t r i c s  i s  be ing  

pursued by b u i l d i n g  an unders tanding  o f  how t o  c o n t r o l  both t h e  number 

d e n s i t y  and energy d i s t r i b u t i o n  o f  f r e e  e l e c t r o n s  i n  t h e  gaseous d i e l e c t r i c  

through a p p l i c a t i o n  o f  fundamental d e t a i l e d  knowledge of  e lec t ron-molecule  
. . 

i n t e r a c t  i ons  under ly ing  t h e  breakdown p roces s .  
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