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ABSTRACT 

The systematic basic  and app l i ed  work t o  improve gaseous d i e l e c t r i c s  

cont inued . The breakdown s t rengths  of C6Pi  ( p e r f  1  uorocycl  ohexene) and' 

C6F12 (mix ture  of 1,2- and 1,3- per f luorodimethylcyc lobutane) have been 

found t o  be, respec t i ve l y ,  2.3 t o  2.4 and 1.9 t o  2.2 t imes h igher  than 

SF6 under i d e n t i c a l  experimental  cond i t ions .  The breakdown s t reng th  o f  

mix tu res  o f  C4F6, SF6, c-C4F8, is0-C4F8, and C3Fg w i t h  N2 have been 

s tud ied  sys temat i ca l l y  i n  var ious  combinations i n  an e f f o r t  t o  understand 

t h e  r o l e  o f  the  bas ic  p rope r t i es  and e f fec t i veness  o f  each component o f  

a  mu1 ticomponent gas on the  breakdown st rength.  A number o f  such mix- 

tu res  (e -g . ,  29% C4F6, 20% SF6, and 60% N2) are  b i t t e r  and cheaper than 

SF6. Basic e l e c t r o n  attachment data have been obta ined f o r  C3F8, and 

the  o v e r a l l  e f f ec t i veness  o f  i n e l a s t i c  processes has been assessed f o r  a  

number of gases based on t h e i r  e l e c t r o n  t r a n s p o r t  c o e f f i c i e n t s .  Work on 

our  new high-pressure, h igh-vo l tage and v a r i a b l e  temperature ,(-40 t o  

+120°C) chamber f o r  u n i f o r m - f i e l d  breakdown t e s t s  proceeded we1 1  . Design 

o f  apparatus f o r  breakdown t e s t i n g  w i t h  nonuniform f i e l d s  and/or rough 
, 

surfaces has begun; concen t r i c - cy l i nde r  f i e l d  e lec t rodes o f  va r i ed  sur face 

roughness are under f a b r i c a t i o n .  Plans are underway f o r  an I n t e r n a t i o n a l  

Symposium on Gaseous D i e l e c t r i c s  t o  be.sponsored by ORNL-ERDA-EPRI. 



I. INTRODUCTION 

Th is  i s  the  t h i r d  q u a r t e r l y  repo r t .  o f  a  p r o j e c t  begun a t  Oak Ridge 

Na t iona l  Laboratory (ORNL) t o '  app ly  e x p e r t i  se on e l  ectron-mol ecul  e  

i n t e r a c t i o n s  and r e l e v a n t  bas ic  physicochemical knowledge t o  the need 

f o r  energy economy and independence by developing improved i n s u l a t i n g  

m a t e r i a l s  f o r  h i g h  vo l tage  power t ransmiss ion,  w i t h  the  p o t e n t i a l  o f  

1  enormous savings. The f i r s t  r e p o r t  (ORNLITM-5604) covered progress t o  

2 June 30, 1976. The second r e p o r t  (ORNLITM-5713) covered progress t o  

September 30, 1976. This  r e p o r t  covers the  qua r te r  October 1-December 31, 

197G. 

The experience, knowledge, and c a p a b i l i t y  o f  t he  Atomic, Molecular,  

and High Voltage Physics Group w i t h i n  the  Hea l th  Physics D i v i s i o n  

e s p e c i a l l y  i n  t he  areadof  fundamental e lect ron-molecule i n t e r a c t i o n s - i s  

be ing  used t o  design b e t t e r  i n s u l a t i n g  gaseous systems. I n  t h i s  funda- 

mental area the  group has p layed a  l ead ing  r o l e  f o r  over  a decade and a  
I 

h a l f ,  and i t s  con t i nu ing  v i t a l i t y  o f f e r s  the c a p a b i l i t y  t o  o b t a i n  des i red  

da ta  n o t  y e t  ava i l ab le .  

  he' b e s t  i n s u l a t i n g  systems a re  ' a n t i c i p a t e d  t o  be mix tures  designed 

as t o  components and pressures us ing  fundamental physicochemical data 

ob ta ined p r i m a r i l y  from s tud ies  on i n t e r a c t i o n s  o f  slow e lec t rons  w i t h  

atomic and molecular  gases, More s p e c i f i c a l l y ,  the qaseous components 

shduld be chosen t o  a c t  as a  system which c o l l e c t i v e l y  prov ides the  "best"  

e f f e c t i v e  combinat ion o f  e l e c t r o n  the rma l i z i ng  (s lowing down) and e lec-  

t r o n  scavenging ( fo rming r e l a t i v e l y  immobile negat ive  i o n s )  t o  i n h i b i t  

breakdown by e lec t rons .  This  invo lves  many d i f f e r e n t  b u t  coupled energy- 

dependent i n t e r a c t i o n s  between the  gas and the  e lec t rons ,  which possess 



a r a t h e r  wide d i s t r i b u t i o n  o f  energies. Espec ia l l y  s i g n i f i c a n t  a re  the  

e l e c t r o n  attachment and e l e c t r o n  energy l oss  processes i n  the  range from 

thermal t o  Q 3 eV (genera l l y  subexc i ta t i on  energies) .  I t  i s  very impor- 

t a n t  t h a t  e lec t rons  are  captured o r  slowed down before  they escape t h i s  

energy range. 

I n  a d d i t i o n  t o  our  fundamental goal t o  i d e n t i f y  the best  gaseous 

(and l i q u i d )  i n s u l a t i n g  systems, a number o f  o the r  goals a r e  being 

considered i n  c u r r e n t  a c t i v i t i e s .  One i s  the  n o n t r i v i a l  problem o f  

extending cu r ren t  un i fo rm f i e l d  r e s u l t s  t o  the  nonuniform f i e l d  condi- 

t i o n s  c h a r a c t e r i s t i c  o f  power apparatus, and u l t i m a t e l y  t o  p r a c t i c a l  

engineer ing design gu ide l ines .  Also being considered a r e  chemical 

p roper t ies ,  economics, temperature e f f e c t s ,  and numerous p r a c t i c a l  "sp in -  

o f f s "  from t h i s  research such as the d e t e c t i o n  and prevent ion  o r  d i v e r s i o n  

o f  i n c i p i e n t  breakdown. The e f f e c t s  o f  s o l i d  p a r t i c l e s  and breakdown 

products must a l s o  be s tud ied  f o r  the bes t  i n s u l a t o r s .  

During t h i s  quar te r ,  two breakdown apparatuses have been i n  opera t ion  

and have been employed t o  study u n i t a r y  and multicomponent i n s u l a t i n g  

gases a t  var ious pressures and e lec t rode  gaps, w h i l e  improvements and 

a 'ddi t ions i n  t he  apparatuses cont inued t o  be made. Design o f  a t h i r d  

apparatus has been underway t o  a t t a i n  a v a r i a b l e  temperature (-40 t o  

120°C) and a l s o  t o  a t t a i n  the voltage, pressure, and gap necessary f o r  

breakdown s tud ies  a t  h igher  values o f  Pd (pressure t imes gap). Breakdown 

s t reng th  measurements have been performed f o r  a number o f  u n i t a r y  and 

multicomponent gases. C o r r e l a t i o n  has been assessed between fundamental 

e lect ron-molecule i n t e r a c t i o n s  and molecular  s t ruc tu re ,  and breakdown 

st rength.  A more d e t a i l e d  study o f  d i v e r t e r s  has been c a r r i e d  on t o  



deve lop  them as p r o t e c t i n g  devices f o r  power sys tems and exper imenta l  

appara tus .  A c q u i s i t i o n  o f  b a s i c  da ta  has proceeded w e l l .  



I I . APPARATUS. 

The two breakdown apparatuses descr ibed  p r i m a r i l y  i n  t h e  f i r s t  

r e p o r t  ,' w i t h  some m o d i f i c a t i o n s  g i ven  i n  t h e  second r e p o r t  ,' have been 

i n  o p e r a t i o n  d u r i n g  t h i s  q u a r t e r .  

For apparatus 1  the  new c o n t r o l l e r  has been completed, debugged, 

and p u t  i n t o  r o u t i n e  ope ra t i on .  The c o n t r o l l e r  i s  compat ib le  w i t h  t h e  

new 300 kV DC supply .  

Apparatus 2  has been i n  r o u t i n e  o p e r a t i o n  t h i s  q u a r t e r .  As i t  was 

a n t i c i p a t e d  i n  the  l a s t  r e p o r t ,  t h e  mechanical s t a b i l i t y  o f  t h e  e l ec t rodes  

has been g r e a t l y  improved by i n s t a l l i n g  t h e  p l a t f o r m  t o  suppor t  t he  lower  

e l e c t r o d e  f rom the  chamber s i des  r a t h e r  than f rom t h e  HV feedthrough (as 

1  shown i n  F i g .  5, Report  1  ) .  An e f f e c t i v e  method o f  f a s t  m i x i n g  o f  

mu1 t icomponent gaseous m ix tu res  has been developed. I t  was found t h a t  

appl  i c a t i o n  o f  h i g h  vo l t age  (s 30 kV) on t h e  e l ec t rodes  a t  maximum gap 

sepa ra t i on  ( s  1  i n c h )  f o r  s 20 minutes g r e a t l y  reduces t h e  m i x i n g  t ime.  

The new h igh-pressure,  low-volume chamber f o r  un i f o rm  f i e l d  break- 

down t e s t s  has been designed, and we expect  i t s  approval  f rom the  l o c a l  

p ressure  comni t tee  soon. Th is  chamber, w i t h  t h e  new 300 kV DC supp ly  t o  

be rece i ved  n e x t  qua r te r ,  w i l l  p r o v i d e  a  f a c i l i t y  a l l o w i n g  breakdown 

t e s t s  a t  va lues o f  Pd much h ighe r  than a t t a i n a b l e  i n  t he  c u r r e n t  

apparatuses. New un i f o rm  f i e l d  e l ec t rodes  a r e  be ing  f a b r i c a t e d  f o r  t h i s  

chamber. 

The apparatus f o r  t he  d i v e r t e r  exper imente f o r  a i r  has been completed 

and debugged a f t e r  overcoming some d i f f i c u l t y  w i t h  RF f rom t h e  sparks. 

A  p l a u s i b l e  exp lana t i on  i s  proposed i n  Sec t i on  V I  f o r  t h e  .apparent two- 

mechanism breakdown i n  t h e  d i v e r t e r  da ta  presented i n  our  p rev ious  



r e p o r t . *  I t  w i l l  be t e s t e d  exper imenta l l y  i n  the nex t  qua r te r .  

Present ly ,  our  d i v e r t e r  experiments a r e  performed i n  a i r ,  bu t  we are  

beg inn ing  t o  s tudy d i v e r t e r s  i n  o ther  gases and gas mix tures .  

Design o f  apparatus f o r  " p r a c t i c a l  cond i t i ons  tes t ing , "  v i z . ,  

t e s t i n g  w i t h  nonuniform f i e l d s  and/or rough surfaces has begun. Elec- 

t rodes  have.been designed and p u t  i n t o  f a b r i c a t i o n  f o r  coax ia l  concent r ic  

c y l i n d e r  geometries o f  v a r i e d  i nne r  r a d i i ,  va r i ed  ma te r ia l ,  and va r ied  

su r face  roughness. Uni form f i e l d  e lec t rodes f o r  va r i ed  sur face roughness 

a re  under f a b r i c a t i o n .  I n  t h e  nex t  qua r te r  we w i l l  begin t o  use these 

e lec t rodes  t o  s tudy the  most promis ing gases/mixtures. 



111. BREAKDOWN STRENGTHS OF UNITARY GASES 

During t h i s  quar ter ,  we measured the d i e l e c t r i c  s t rengths  o f  two 

a d d i t i o n a l  f luorocarbons : C6F10 (pe r f1  uorocyclohexene) and C6F1 

(per f luorod imethy l  cyclobutane).  Both o f  these compounds have r e l a t i v e l y  

low vapor pressures a t  room temperature, on the order  o f  100 t o r r .  The 

C6FlZ i s  c y c l i c  w i t h  two CF3 methyl groups at tached t o  the r i n g .  The 

C6F10, a l so  c y c l i c ,  has one double bond. The i r  s t ruc tu res  are  i l l u s -  

t r a t e d  below. 

F 

Perf luorocyclohexene 1,2-Perfluorodimethylcyclobutane 

The i r  breakdown s t rengths  a r e  compared i n  F ig .  1  w i t h  those o f  

C4F6 (hexaf luorobutyne) and SFg The p o i n t s  f o r  each gas dev ia te  

s l i g h t l y  from l i n e a r i t y  as Pd i s  increased. The n o n l i n e a r i t y  i s  t o  be 

expected s ince l a r g e  gap separat ions were used i n  the sphere-plane e lec-  

t rode system, where the e l e c t r i c  f i e l d  becomes s u b s t a n t i a l l y  nonuniform. 

Since P was small, l a rge  gaps o f  several m i l l i m e t e r s  were necessary t o  

achieve the  Pd's i n  the  range 0.5 t o  2.0 atm-mm. The C4F6 and SF6 data 

were a l s o  taken a t  low pressure (see F ig .  1 ) .  Table I gives the  approxi 

mate s t rengths  r e l a t i v e  t o  SF6 = 1 .O. 



ORNL- DWG 76-19288 

C6F42 0 140 Torr 

- C6F1, 83 Torr 
C4F6 A 83 Torr A 100 Torr 

SF6 0 83 Torr I00 Torr 

- 

- 

1 

I I 

Pd (atm-mm) 

Fig. 1 .  Breakdown voltages versus Pd measured f o r  
C6F12, C6F10, C F6, and SF6 a t  the  ind icated  

pressures ?sphere-plane e lect rodes) .  



TABLE I 

R e l a t i v e  Breakdown Strengths o f  Some U n i t a r y  Gases* 

Gas R e l a t i v e  Strength 

t 
'gF1 2 2.3-2.4 

'gF1 0 1.9-2.2 

'qF6 1.7-1.9 

SF6 1 .r)  

- 

*Sphere-plane geometry. 

' ~ i x t u r e  o f  1,2- and 1,3-perf1 uorodirnethyl cycl obutane. 



These compounds, a l though too low i n  pressure t o  be used as i nsu la -  

t o r s  by themselves, a re  poss ib le  candidates as a d d i t i v e s  t o  b u f f e r  gases. 

The e l e c t r o n  attachment cross sect ions as a  f u n c t i o n  o f  e l e c t r o n  energy 

f o r  C6F10 and C6F12 w i l l  be i nves t i ga ted  i n  the fu tu re .  

Gases o the r  than f luorocarbons are  being i n v e s t i g a t e d  f o r  p o t e n t i a l  

use i n  gaseous i n s u l a t i o n  a lso .  



I V .  BREAKDOWN STRENGTHS OF GAS MIXTURES 

As an i n i t i a l  s tep  i n  our  e f f o r t s  t o  develop multicomponent gaseous 

mix tures  w i t h  p rope r t i es  (cos t ,  d i e l e c t r i c  s t rength ,  e t c . )  super io r  t o  

those of SF6, we have made a  se r ies  o f  measurements on mix tures  o f  

var ious e lec t ronegat ive  gases w i t h  n i t rogen .  Nitrogen, aside from i t s  

iner tness,  abundance, and low cost,  has the  advantageous proper ty  o f  

r e s i s t i n g  breakdown b y '  impul se more s t r o n g l y  than SF6. Mix tures  o f  N2 

and SF6 have shown t h i s  improvement,3 a l though the  s t a t i c  d i e l e c t r i c  

s t reng th  i s  l e s s  than t h a t  f o r  pure SF6. 

'Our f i n d i n g s  on b ina ry  a n d . t e r t i a r y  gaseous systems are  summarized 

i n  Table 11. The data on pure SF6, N2, and C4F6 a re  a l so  l i s t e d  i n  

Table I 1  f o r  reference. It i s  c l e a r  t h a t  some gas combinations have 

h igher  s t a t i c  d i e l e c t r i c  s t reng th  than pure SF6 and are  a l s o  cheaper. 

One p a r t i c u l a r  mixture-20% C4F6, 20% SF6, and 60% N2-has a  d i e l e c t r i c  

4  s t reng th  approximately 10% higher  than pure SF6. I f  we assume cos ts  o f  

83t/cu. ft. f o r  SF6, 2 5 0 6 1 ~ ~ .  ft. f o r  C4F6, and O . ~ ~ / C U .  ft. f o r  N2, We 

f i n d  t h a t  t h i s  m ix tu re  cos ts  about 80% o f  t he  cos t  o f  SF6. With the  

r e l a t i v e l y  l a r g e  concent ra t ion  o f  N2, m would a l s o  expect the  impulse- 

wi thstand l i m i t  o f  t h i s  m ix tu re  t o  be b e t t e r  than t h a t  o f  pure SF6. 

For 30% C4F6, 20% SF6, and 50% N2, we c a l c u l a t e  a  c o s t  10% h igher  

than pure SF6, b u t  t he  d i e l e c t r i c  s t r e n g t h  f o r  t h i s  m ix tu re  i s  30% 

higher  than t h a t  o f  pure SF6. This  combinat ion should a l s o  possess 

b e t t e r  impulse c h a r a c t e r i s t i c s  than SF6. 

From Table I 1  we see t h a t  mix tures  o f  20% C4F6 w i t h  N2 a re  a t  l e a s t  

as good as pure SF6. These mix tures  must o f  course be tes ted  under 

ac tua l  t ransmiss ion 1  i n e  cond i t i ons  be fore  d e f i n i t e  conclus ions can be 

drawn. 



TABLE I 1  

Relat ive  Breakdown Strengths* o f  Some Two- and 
Three-Component Gaseous Mixtures 

I 

Gaseous Mixture Total Pressure ( t o r r )  
(1 atm = 760 t o r r )  *"s (a tm-mn kV 1 

.. . 

2 'qF6 SF6 - - 

100% - - 500 2.98 

- - 100% 5 00 8.65 

- 100% - 500 19.76 

90% 10% - 500 6-77 

80% 20% - 500 8.71 

70% 30% - 500 10.18 

80% - 20% 500 6.53 

80% 10% 10% 500 7 ;  60 

60% 20% 20% 500 . 9.51 

50% 30% 20% 500 11.51 
---- ~. - 

*Pl ane-plane, un i  form-f i e l d  gcomctry. 



To understand t he  r o l e  and e f f e c t i v e n e s s  o f  each component o f  a  

mult icomponent gas, we s tud ied  a  number o f  gas m ix tu res  w i t h  t h r e e  and 

f o u r  a d d i t i v e s  w h i l e  keeping t h e  b u f f e r  gas t h e  same, i . e . ,  N2. We 

cons idered i t  d e s i r a b l e  t o  combine N2 (N2 slows e f f e c t i v e l y  subexci  t a t i o n  

5 e l e c t r o n s  because o f  i t s  nega t i ve  i o n  resonance a t  % 2.3 eV ) w i t h  gases 

hav ing good e l e c t r o n - a t t a c h i n g  p r o p e r t i e s  over  as wide an .energy range 

as p o s s i b l e  (see examples i n  F ig .  8  o f  second q u a r t e r l y  r e p o r t ) .  Given 

a  combinat ion o f  gases, we proceeded t o  s e l e c t i v e l y  remove one p a r t i c u l a r  

e l e c t r o n - a t t a c h i n g  component a t  a  t ime  and t o  t hus  i n v e s t i g a t e  t h e  

e f f e c t  o f  e l e c t r o n  cap tu re  i n  d i f f e r e n t  energy reg ions  on t he  breakdown 

s t r e n g t h  o f  t h e  m ix tu re .  We have used a d d i t i v e s  o f  10% each o f  C4F6, 

SF6, c-C4F8, and C3F8, w i t h  N2 as t h e  remain ing b u f f e r  gas. By removing 

one a d d i t i v e  a t  a  t ime  f rom t h e  m ix tu re ,  we found t h e  r e l a t i v e  impor- 

tance o f  each o f  these compounds i n  a  b u f f e r  o f  N2. The s lopes o f  the 

breakdown vo l t age  versus Pd f o r  a  number o f  such m ix tu res  a r e  summarized 

i n  Table 111. 

From t h e  da ta  i n  Tables I 1  and 111, i t  i s  c l e a r  t h a t :  

1 .  C ~ F ~  i s  ex t reme ly  e f f e c t i v e  as an a d d i t i v e .  Replacement 

o f  10% o f  C4F6 b y  N, has a  dramat ic  e f f e c t  on t h e  
L 

d i e l e c t r i c  s t r e n g t h  o f  t h e  m ix tu re .  A decrease o f  n e a r l y  

one-quar ter  i s  observed. It i s  fu r thermore  seen t h a t  w i t h  

10% of C4F6 i n  t h e  m i x t u r e  t he  d i e l e c t r i c  s t r e n g t h  o f  any 

of t h e  combinat ions i s  g r e a t e r  than  90% o f  the 'breakdown 

s t r e n g t h  o f  t h e  f u l l  combinat ion o f  t h e  f o u r  a d d i t i v e s  w i t h  

w i t h  N2. 



TABLE I 1 1  

Relat ive  Bredkdown Strengths* uf Some Four-Component 
Gaseous Mixtures 

Gaseous Mix ture  AVs(atm-mm kv ) Re1 a t i v e  

Avs 

N2 C4F6 SF6 C-C4Fa 
- - -  C3F8 

60% 10% 10% 1 0% 10% 8.39 100 % 

70% 10% 10% - 10% 8.32 99.2% 

70% 10% - 1 0% 10% 8.00 95.4% 

70% 10% 10% 10% - 7.80 93.0% 

70% - 10% 10% 10% 6.75 80.4% 

*Plane-plane, un i f o rm- f i e l d  geometry. 



2. C-C4F8 i s  n o t  so e f f e c t i v e  as an a d d i t i v e .  When we 

r e p l a c e d  the  10% o f  c-C4F8 by N2, t he  d i e l e c t r i c  s t reng th  

dropped by on l y  l e s s  than 1%. 

3 .  S t r i k i n g l y ,  C3F8 seems t o  be more e f f e c t i v e  than SF6 

a l though i t s  e l e c t r o n  attachment r a t e s  below % 0.8 eV 

(see . F ig.  . 5 i n  Sect ion V) a re  more than one thousand t imes 

lower i n  magnitude than those  o f  SF6. 

The super io r  p rope r t i es  o f  C4F6 and perhaps a l s o  the  s t r i k i n g l y  good 

p rope r t i es  o f  C3F8 seem t o  i n d i c a t e  the  importance o f  the  e l e c t r o n  

attachment processes a t  energies 1  eV (see Fig. 8  o f  Ref. 2  and Fig.  5 

o f  Sect ion V o f  t h i s  r e p o r t ) .  More work, however, i s  necessary t o  assess 

q u a n t i t a t i v e l y  t he  s i g n i f i c a n c e  o f  t h i s  on breakdown. I t  i s ,  f o r  example, 

cur ious  t h a t  is0-C4F8 and c-C4F8 do n o t  increase the  d i e l e c t r i c  s t reng th  

i n  low-percentage mix tures  w i t h  N2 as much as an equal amount o f  SF6 does, 

a l though i n  the  pure form they a re  both s t ronger  d i e l e c t r i c s  than pure SF6. 

The above observat ions a re  f u r t h e r  subs tant ia ted  by the  data i n  

Figs. 2, 3, and 4  where the  breakdown vo l tage o f  var ious  mix tures  o f  

a t tach ing  gases w i t h  N2 a r e  shown. The breakdown vo l tage o f  pure N2 i s  

shown f o r  reference.  

With 10% a d d i t i v e  t o  N2 (F ig .  2),  the  SF6 m ix tu re  i s  c lose  t o ,  bu t  

lower than, the C4F6 mixture;  mix tu res  w i t h  iso-C4F8 and c-C4F8 are  

s i g n i f i c a n t l y  lower. As we increase the  a t t a c h i n g  gas r a t i o  t o  20% 

(Fig.  3 ) ,  the  C4F6 m ix tu re  hecomes much b e t t e r  r e l a t i v e  t o  the  SF6 mix- 

tu re ,  and the iso-C4F8 m ix tu re  equals the  SF6 mix ture .  A t  30% (F ig .  4) ,  

the  C4F6 m ix tu re  i s  b e t t e r  s t i l l ,  and the  iso-C4F8 m ix tu re  surpasses the 

SF6 mix ture .  
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F i g .  2. Breakdown v o l  tages versus Pd measured f o r  mix tu res  o f  
90% N2 w i t h  10% CqFg, 10% SF6, 10% c-C F8, and 

10% iso-C4Fa compared w i t h  100% d2. 



F i g .  3. Breakdown vo l t ages  versus Pd measured f o r  m i x t u r e s  o f  
80% N2 w i t h  20% C Fg, 20% SF6, 20% c-CqFg, and t 20% iso-C4 8 compared w i t h  100% N2. 
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F i g .  4.  Breakdown voltages versus Pd measured f o r  mixtures o f  
70% N2 w i t h  30% C4Fgy 30% SFg, 30% c - C ~ F ~ ,  and 

30% iso-C4F8 compared w i t h  100% N2. 



' \ .  Experiments a r e  i n  progress w i t h  N2 and C3F8 as b u f f e r  gases. 

The sys temat ic  s tudy  o f  m i x tu res  t o  determine t h e  e f f e c t  o f  t h e  

,a' c o n t r i b u t i o n s  o f  each o f  t h e  e l e c t r o n - a t t a c h i n g  components and t h e i r  

c ross  sec t i ons  and r e l a t i v e  concen t ra t i ons  t o  i n c r e a s i n g  breakdown 

s t r e n g t h  i s  con t i nu ing .  Th i s  bas i c  and sys temat ic  knowledge wi 11 enable 

t h e  des ign  of s u p e r i o r  m i x t u r e s  f o r  gaseous d i e l e c t r i c s .  



V .  BAS IC  STUDIES 

I n  t h i s  qua r te r  we have cont inued t o  measure the  e lect ron-at tachment  

r a t e s  as a  f u n c t i o n  o f  mean e l e c t r o n  energy and t h e  corresponding cross 

sec t i ons  as a  f u n c t i o n  o f  e l e c t r o n  energy f o r  f luorocarbon molecules, 

v i z . ,  C3F8, C4F6, and C3F6. As mentioned i n  our prev ious q u a r t e r l y  

r e p o r t ,  t h e  e l e c t r o n  a f f i n i t y  o f  CRFA i s  small, y e t  i t  i s  as good a  

d i e l e c t r i c  as SF6. F igure  5 shows the measured e lect ron-at tachment  r a t e  

as a  f u n c t i o n  o f  mean e l e c t r o n  energy f o r  C3F8. I f  we compare t h i s  

attachment r a t e  w i t h  t h a t  o f  S f 6 ,  we see t h a t  a t  mean e l e c t r o n  energies 

below % 0.8 eV t h e  attachment r a t e  f o r  C3F8 i s  more than th ree  orders o f  

maqni tude 1  ower . 
6  E l e c t r o n  beam s tud ies  have shown t h a t  C3F8 d i s s o c i a t i v e l y  at taches 

e l e c t r o n s  i n  the energy range 2.3 t o  % 4 eV. Our s tud ies  o f  C3F8 i n  

argon i n d i c a t e  t h a t  the attachment r a t e  has a  maximum i n  t h i s  energy 

range. I t  would seem t h a t  e i t h e r  the  e lect ran-at tachment  p rope r t i es  of  

C3F0 i n  t h i s  energy range a r e  very important  i n  c o n t r o l l i n g  i t s  breakdown 

s t r e n g t h  ( i n  s p i t e  o f  t h e i r  r e l a t i v e l y  small magnitude) and/or t h a t  

C ~ F ~  possesses s t r o n g  i n e i a s t i c  s c a t t e r i n g  cross sec t ions  a t  subexci ta-  

t i o n  energies.  

I n  con junc t i on  w i t h  breakdown measurements, we made p r e l i m i n a r y  

measurements o f  t he  e lect ron-at tachment  ra tes  o f  C3F6 i n  the  mean 

e l e c t r o n  energy range 0  t o  Q 0.8 eV. These r a t e s  are  about an order  o f  

magnitude lower than the  r a t e s  f o r  SF6 and o the r  f luorocarbons studied.  

The phys ica l  p r o p e r t i e s  o f  small q u a n t i t i e s  o f  C4F6 have prevented 

us f rom measuring absolute attachment r a t e s  f o r  t h i s  gas t o  b e t t e r  than 

520%. Th is  unce r ta in t y  may be the bes t  t h a t  we can o b t a i n  w i t h  our  

techniques f o r  t h i s  molecule. 
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Fig .  5. Electron-attachment r a t e  versus mean e l e c t r o n  energy f o r  C3F8. 



I n  t h e  next  qua r te r ,  we p lan  t o  measure the  attachment ra tes  as a  

f u n c t i o n  o f  energy f o r  o the r  perf luorocarbons o f  i n t e r e s t ,  such as 

per f luorocyclohexene (C6F10), p e r f 1  uoro-1,3-dimethyl cyc l  ohexane (C8F1 6) ,  

e t c .  

Dur ing t h i s  quar te r  a lso ,  e f f o r t s  have been made t o  o b t a i n  o the r  

bas i c  data which r e f l e c t  t he  o v e r a l l  e f f e c t  of i n e l a s t i c  processes. For 

a  g iven e l e c t r i c  f i e l d ,  E, and t o t a l  pressure, P, i .e., f o r  a  given value 

o f  E/P ( o r  E/N, where N i s  the  number dens i ty ) ,  t he  mean e l e c t r o n  qnergy, 

(E), should be lower t h e  more e f f e c t i v e  the i n e l a s t i c  processes are. A 

good measure o f  (E) i s  t he  c h a r a c t e r i s t i c  energy (E)" 1 3/2 e  DL/p, 

where e  i s  the  e l e c t r o n  charge, and DL/p i s  the  r a t i o  o f  the  l a t e r a l  d i f -  

f u s i o n  c o e f f i c i e n t  DL t o  the  e l e c t r o n  m o b i l i t y  p. I d e n t i f i c a t i o n  o f  (E) 

w i t h  3/2 e  DL/p assumes t h a t  t he  shape of t he  e l e c t r o n  energy d i s t r i b u t i o n  

i s  Maxwell ian. Although t h i s  assumption i s  n o t  s t r i c t l y  v a l i d ,  the  func- 

t i o n s  D ~ / ;  versus E/P and (E) versus E/P a re  c l o s e l y  r e l a t e d  and can he lp  

i n d i c a t e  which compounds are  more e f f e c t i v e  e l e c t r o n  thermal izers  and 

thus b e t t e r  s u i t e d  f o r  use as b u f f e r  gases i n  multicomponent gaseous 

5 mixtures .  From pub1 ished data (mostly c o l l e c t e d  by Christophorou ) we 

obta ined the  i n fo rmat ion  i n  F ig.  6. It i s  seen t h a t  f o r  a given value o f  

E/P, the e lec t rons  have lower energies ((E) i s  lower)  f o r  systems w i t h  

I I 1.1 
1 I 

double and t r i p l e  bonds [compare data f o r  ethane (H-C-C-H), ethy lene 
I I 

H\ /H 
( ,C=C ) , and acet.yl ene (H-C=C-H)]. This i s  c l e a r l y  demonstrated 

H 'H 

i n  F ig.  7 where t h e  mean s c a t t e r i n g  cross sect ions,  ( o ) ,  are  p l o t t e d  as 
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Fig. 6 .  Mean electron energy versus E/P298 f o r  
methane, ethane, propane, acetylene, ethy ene, 

propyl ene , cycl opropane , and neopentane . 
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NUMBER OF DOUBLY-OCCUPIED T-ORBITALS 

Fig .  7 .  Mean s c a t t e r i n g  cross sections as a  funct ion  o f  number o f  
doubly occupied n - o r b i t a l s .  Data based on the work of 
L. G. Christophorou, R.  P.  Blaunstein,  and D. Pittman, 

Chem. Phys. L e t t e r s  - 22, 41 (1973) .  



a function of the number of doubly occupied T-orbi tals  of the molecule, 

i . e . ,  the number of double bonds. Although these cross sections are for  

epithermal electrons,  they are s t i l l  quite revealing; the larger the 

numbe'r of double bonds in the molecule, the larger are the electron 

scattering cross sections and thus the lower the mean electron energy 

and, therefore, the better the gas from the d ie lec t r ic  point of view. 

In Fig. 8, DL/p i s  plotted as a function of E/P for  some diatomic 
5 and triatomic gases (data taken from Christophorou ) .  All molecular 

gases in th i s  figure possess negative-ion s t a t e s  i n  the subexcitation 

region. I t  i s  interesting to  note that  the electron energy (as  exempli- 

f ied by the DL/p values) i s  low over a wider E/P range for  C02 and CO 

than for  N20 and N 2 .  For the former two the negative-ion s t a t e s  l i e  

lower than for  the l a t t e r  two. ( I t  should, of course, be noted tha t  CO 

i s  s l ight ly  polar, and C02 possesses a quadrupole moment which could 

enhance the scattering a t  low energies.)  

Unquestionably , the existence of negative-ion resonances (as  many 

as possible and over as wide an energy range above 0..0 eV- as possible) 

would enhance scattering and lower the electron energy and would thus 

yield a bet ter  gas for  use as a buffer component in a multicomponent 

gaseous insulator.  In th i s  regard, a combination of gases with a number 

of negative-ion resonances covering a wide range'of energies may be more 

advantageous than a sing1 e component. 



ORNL-DWG 77-3630 
10  , - - - - 

- 

BREAKDOWN VALUES OF E/P300 

0.01 AA / 
--G-a-.G-... A - ' ~ a & 4 - , . ~ A H  

GAS (E/p)BD (V  cm'' Torr-') 

- 
- CO 77.4"K '"2 5Q9 
- 
- CO, 44 

N,O - 62 

. 0.001 1 I- I I I I I I I  I  I 1  1 1 1 1 1 1  I  I  1 1 1  1 1 1 1  I  I  1 1 1 1 1 1 1  . 1 1 1 1 1 1 1 1  
0 .001 0 . 0 1  0.4 1 10 100  

E/pao(V c 6 '  Tori') 

F i g .  8.  DL/u versus E/P  for Ar, N2, Cop, N20, and CO. All data are for 
300°K excep 30? for CO which are for T = 77.4"K. 



V I .  APPLIED STUDIES 

Appl ied s tud ies  i s  a  new sec t i on  i n  t h i s  r e p o r t  i n  which we 
. . 

descr ibe the  resu-lts o f  our  i n v e s t i g a t i o n  o f  the bes t  gases/mixtures 

under more p r a c t i c a l  cond i t i ons  ( than DC un i fo rm f i e l d s  w i t h  extremely 

smooth sur faces) .  Thus, Sect ions 111, I V ,  V,  and V I  g i ve  r e s u l t s  f o r  

the th ree  major respec t i ve  face ts  o f  our program: breakdown s t rengths  

under i d e a l  cond i t i ons  (and t h e i r  c o r r e l a t i o n  w i t h  bas ic  phys ics)  

(Sect ions I I I and I V  on u n i t a r y  and mu1 t i  component systems, r e s p e c t i v e l y )  ; 

the  bas ic  physics (Sect ion V); and the  breakdown s t rengths  under more 

p r a c t i c a l  cond i t i ons  as w e l l  as spec ia l  gaseous-insulator a p p l i c a t i o n s  

(and t h e i r  c o r r e l a t i o n  w i t h  bas ic  physics and i dea l  cond i t i ons )  

(Sec t ion  V I ) .  

For t e s t i n g  t h e  bes t  gases/mixtures under cond i t i ons  c l o s e r  t o  

p rac t i ce ,  e lec t rodes have been designed and a re  being f a b r i c a t e d  f o r  

breakdown t e s t s  i n  coax ia l  c y l i n d e r  geometry o f  var ious  i nne r  r a d i i ,  

roughness, and ma te r ia l s .  The e f f e c t s  o f  r a d i i  and roughness w i l l  be 

compared w i t h  breakdown theory.  Uniform f i e l d  e lec t rodes a re  a l so  being 

f a b r i c a t e d  f o r  t e s t i n g  w i t h  v a r i a b l e  rouqhness so i t s  e f f e c t  can be i so -  

l a t e d  from the  e f f e c t  o f  macroscopical ly  nonuniform f i e l d s  produced by 

c y l i n d r i c a l  geometry. The bes t  gases from un i fo rm f i e l d  experiments 

w i l l  be tes ted  w i t h  nonuniform f i e l d s  and rough surfaces. 

I n  t h e  d i v e r t e r  s tudies,  data i n  a i r  were g iven i n  the l a s t  repo r t .  2 

2 The repor ted  apparent two-mechani sm breakdown i s  be1 ieved t o  be associ - 

ated w i t h  a  gap o f  two h igh  f i e l d  regions (near the  two e lec t rodes)  

and an i n te rven ing  low f i e l d  region.  Tr iggered gap t e s t s  a re  planned 

w i t h  e lec t rodes (sphere-sphere) producing such cond i t ions ,  and a l s o  w i t h  

e lec t rodes (sphere-plane) g i v i n g  o n l y  one h igher  f i e 1  d  gap region.  



V I  I. INTERNATIONAL SYMPOSIUM ON GASEOUS DIELECTRICS 

A t  t he  request of, Thomas Ga r r i t y  o f  ERDA, p re l iminary  plans have 

been made f o r  ho ld ing  a  conference e n t i t l e d  " In te rna t iona l  Symposium on 

Gaseous D i e l e c t r i c s "  on research and development o f  h igh voltage t rans- 

mission systems us ing gaseous d i e l e c t r i c s  as insu la to rs .  Topics t o  be 

discussed inc lude inves t iga t ions  i n t o  the breakdown phenomenon o f  

d i e l e c t r i c s  i n  uni form and nonuniform f i e l d s ,  development o f  methods t o  

reduce the e f f e c t  o f  p a r t i c l e  contamination, and experimentat ion w i t h  

new gases and gas mixtures. The conference w i l l  b r i ng  together key 

i nd i v i dua l s  from lead ing research centers, i n d u s t r i a l  laborator ies ,  and 

fundinq aqencies t o  review and discuss the Progress and the problems o f  

cu r ren t  i n t e r e s t  and t o  seek so lu t ions t o  the l a t t e r .  

ORNL w i l l  a c t  as host  t o  the three-day conference t o  be he ld  a t  the 

Hyat t  Regency Hotel i n  Knoxvi l le ,  Tennessee, on March 6-8, 1978, w i t h  an 

expected attendance of about 150. The conference i s  to.be sponsored i n  

p a r t  by r e g i s t r a t i o n  fees and i n  p a r t  by ORNL, ERDA, and E P R I .  A request 

f o r  funding w i l l  be submitted t o  ERDA i n  the next  quarter .  



V I I I .  CONTACTS 

Robert Pai de l i ve red  a paper from the  group a t  the  29th Annual 

Gaseous E lec t ron i cs  Conference (October 18-20, 1976) i n  Cleveland, Ohio. 

An a b s t r a c t  f o r  a paper from the  group has a l s o  been submitted t o  the  

IEEE El  e c t r i c a l / E l e c t r o n i c  I n s u l a t i o n  Conference (September 26-29, 1977) 

i n  Chicago, I l l i n o i s .  

Randy James and Marshal l  Pace, on December 8 and 9, 1976, v i s i t e d  

t h e  High Voltage Laboratory a t  Westinghouse Research Laborator ies,  

P i t tsburgh,  Pennsylvania, t h e  High Voltage Laboratory o f  MIT, and the  

De l ta  Ray Corporat ion, Bur l ing ton ,  Massachusetts. They had q u i t e  p r o f i t -  

ab le  d iscussions o f  mutual research i n t e r e s t s  a t  these l a b o r a t o r i e s  and . , 

were i n s t r u c t e d  a t  De l ta  Ray on our  300 kV supply being completed there.  

P r o f i t a b l e  d iscussions were had w i t h  T. F. G a r r i t y  and N. P. Laguna 

o f  ERDA, J. A. P h i l l i p s  o f  TVA, and L. L. R a d c l i f f e  o f  Oak Ridge 

Operations du r ing  t h e i r  on-s i  t e  v i s i t  i n  December 1976. 

L. G. Christophorou has been i n v i t e d  t o  g i ve  a l e c t u r e  e n t i t l e d  

"Elementary Electron-Molecule I n t e r a c t i o n s  and Negative-Ion Processes a t  

Subexci t a t i o n  Energies and The i r  S ign i f i cance  i n  Gaseous Die1 e c t r i c s "  a t  

t h e  13 th  I n t e r n a t i o n a l  Conference on I o n i z a t i o n  Phenomena i n  Gases 

(Be r l  i n ,  September 1977). 

We were v i s i t e d  i n  October by Professor Barry Weedy f rom the  

U n i v e r s i t y  o f  Southampton, England. Professor  Weedy was here as the  

Nat ional  Science Foundation D is t ingu ished V i s i t i n g  pro fessor  a t  The 

U n i v e r s i t y  o f  Tennessee. Professor  J. L. Frank1 i n  o f  Rice U n i v e r s i t y  

a l so  v i s i t e d  t h e  group i n  October. 
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