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ABSTRACT 

The work on gas d i e l e c t r i c  mix tures  cont inued t o  focus on c a r e f u l l y  

chosen combinations o f  e l e c t r o n  a t tach ing  and e l e c t r o n  slowing-down gases. 

Experimental evidence r e l a t i n g . t h e  e l e c t r o n  attachment cross s e c t i o n  t o  

the d i e l e c t r i c  s t reng th  i s  discussed. Conclusions are reached as t o  the 

r e l a t i o n  o f  molecular  s t r u c t u r e  t o  the e l e c t r o n  a t tach ing  p r o p e r t i e s  o f  

d i e l e c t r i c  gases. 

A  v a r i e t y  of mix tu res  of SF6, Ar, Ne, and N2 have been s tud ied  t o  

determine the r e l a t i v e . i m p o r t a n c e  o f  e l e c t r o n  impact i o n i z a t i o n  and e l e c -  

t r o n  s c a t t e r i n g  on the  breakdown vol tage,  Vs .  Very i n t e r e s t i n g l y ,  e l e c t r o n  

s c a t t e r i n g  ( e s p e c i a l l y  i n  the subexc i ta t i on  energy range) was found t o  

i n f l uence  V s  much more c r i t i c a l l y  than e l e c t r o n  impact i o n i z a t i o n .  Pre- 

l i m i n a r y  s tud ies  i n v o l v i n g  mix tures  o f  the p o l a r  molecules (1,l ,1-CH3CF3, 

CHF3, and CH2F2 w i t h  SF6 and N2 showed t h a t  e lec t ron -d ipo le  s c a t t e r i n g  

does n o t  s i g n i f i c a n t l y  a f f e c t  Vs.  F ie ld- induced e l e c t r o n  detachment from 

negat ive ions--which has o f t e n  been c i t e d  as a  poss ib le  cause o f  a  hos t  o f  

phenomena i n  gas breakdown studies--has been investigated, and the  r e s u l t s  

o f  t h i s  i n v e s t i g a t i o n  are repor ted.  

The temperature range o f  the h igh  pressure, v a r i a b l e  temperature 

apparatus has been extended t o  ~ 1 5 0 ° C  by i r r a d i a t i o n  o f  the  h igh-vol  tage 

cable. Preli'mi'nary.data i n d i c a t e  t h a t  t he re  i s  no appreciable change i n  

the u n i f o r m - f i e l d  breakdown vo.ltage over  the range o f  temperatures from 

18 t o  ~ 1 5 0 ° C  fo r  100%  SF^ and a  30% SF6 + 70% N2 mix ture .  The V s  o f  

C2F6 and n-C4Flo was- measured and found t o  be, r e s p e c t i v e l y ,  0.80 and 

1.32 r e l a t i v e  t o  t h a t  o f  SFG. 

I n  the  environmental e f f e c t s  area,  r e s u l t s  a re  presented on the  i n i t i a l  



decomposit ion o f  a  number o f  f luorocarbons.  Resul ts  a r e  a l s o  presented 

on s t ressed and/or sparked per f luorocarbons and SF6 as we1 1  as on break- 

down s o l  i d  res idues and t o x i c i t y  t e s t s .  

I n  t he  p r a c t i c a l  cond i t i ons  t e s t  f a c i l i t y  us ing c y l i n d r i c a l  e lect rodes,  

t e s t s  have e s s e n t i a l  l y  been completed f o r  SF6/N2, C-C4F8/N2, 2-C4F8/N2, and 

2-C4F6/N2 mix tures .  Three d i f f e r e n t  i n n e r  r a d i i  , both p o l a r i t i e s ,  and 

a  comprehensive s e t ' o f  m ix tu re  p ropo r t i ons  were used i n  these s tud ies .  To 

i n v e s t i g a t e  the e f f e c t s  o f  sur face roughness, these mix tures  were tes ted  

w i t h  t h r e e  d i f f e r e n t  c y l i n d r i c a l  e lec t rodes i d e n t i c a l  except f o r  the  degree 

o f  c a r e f u l l y  produced roughness. The e f f e c t s  o f  e lec t rode  m a t e r i a l  

composi,t ion and p a r t i c l e  contaminat ion were a l s o  s tud ied  f o r  these mixtures.  

The p u r i f i c a t i o n  system f o r  our  l i q u i d  d i e l e c t r i c s  s tud ies  has been 

fab r i ca ted  and t e s t e d  , and t h e  breakdown c e l l  has been successful  l y  operated. 

The apparatus f o r  impulse t e s t i n g  o f  gases/mixtures has been assembled, 

tested,  and p u t  i n t o  r e g u l a r  operat ion.  The f i r s t  t e s t s  have been on 

SF6/N2 mix tures  i n  po in t -p lane  geometry, w i t h  bo th  sw i t ch ing  surge and 

1  i g h t n i n g  waveforms w i t h  t h e  p lan  o f  compil i n g  c a r e f u l  impulse t e s t  r e s u l t s  

on a  vari'e.ty o f  d i e l e c t r i c  gas mix tures  under identical conditions t o  

p rov ide  meaningful  comparisons. 



I. INTRODUCTION 

The Oak Ridge Nat ional  Labora tory 's  d i e l e c t r i c s  program i s  

comprehensive. It embraces 

1. basic studies, 

2. app l ied  tes t ing ,  

3. environmental e f f e c t s  and long-range s t a b i l  i ty s tud ies  , and 

4. e f f o r t s  f o r  i n d u s t r i a l  i n t e r f a c i n g .  

Work on i tems 1  and 2 cont inued w i t h  v igo r .  Work on i tem 3 i s  

c u r r e n t l y  being i n t e n s i f i e d .  It i s  hoped t h a t  work on i t em 4 w i l l  

commence i n  the  near f u tu re .  



11. BASIC STUDIES OF GASEOUS DIELECTRICS 

A. The Magnitude and Energy Dependence of  the E lec t ron  Attachment Cross 

Sect ion f o r  H igh l y  E lec t ronegat ive  Gaseous D i e l e c t r i c s  

Dur ing t h i s  six-month p e r i o d  we (1  ) concentrated on analyz ing the  

f u l l  range of our  da ta  on e l e c t r o n  attachment t o  per f luorocarbon molecules 

w i t h  the  view o f  p resen t i ng  a coherent p i c t u r e  o f  the in f luences o f  t he  

va r ious  aspects o f  mo lecu lar  s t r u c t u r e  on the  attachment o f  s low e lec t rons  

t o  p e r f l  uorocarbon compounds and ( 2 )  cont inued t o  measure e l e c t r o n  a.ttach- 

ment r a t e s  and cross sec t ions  fo r  o the r  per f luorocarbons.  

I n  connect ion w i t h  (1 )  two papers e n t i t l e d :  "E lec t ron  attachment t o  

p e r f l  uorocarbon compounds: P a r t  I: C-C4F6, 2-C4F6, 1 ,3-C4F6, C-C4F8, and 

2-C4F8" and "E lec t ron  attachment t o  per f luorocarbon compounds: P a r t  11: 

c-C5F8 and c-C6FlOy c-C6F12, C7F8, and C8F16 - Relevance t o  Gaseous D ie lec-  

t r i c s "  have been submit ted and have been accepted f o r  p u b l i c a t i o n  i n  t he  

Journal of C h e m i c a l  P h y s i c s .  These comprehensive s tud ies  c l e a r l y  show some 

o f  t he  d i s t i n c t  advantages of many per f luorocarbon compounds (PFCs) f o r  use 

as u n i t a r y  gases and/or as a d d i t i v e s  t o  multicomponent gas d i e l e c t r i c s .  

Thus, the  average value o f  the energy i n t e g r a t e d  attachment cross sec t i on  
+ 4  eV 

f rom thermal energy t o  1.4 eV [ i .e . ' ,  o a ( & ) d & ]  i s  0.83 x 10- l5  cm2 eV 
Q .a 4 eV 

f o r  p e r f l  uorocarbons whose mean Vs i s  ~ 1 . 5  t imes t h a t  o f  SF6 and 1.8 x 

l om i5  cm2 eV f o r  perf luorocarbons whose Vs i s  ~ 2 . 3  t imes t h a t  o f  SF6. 

Large e l e c t r o n  attachment cross sec t ions  extending t o  as h igh  an e l e c t r o n  

energy range as poss ib le  a re  c r u c i a l  i n  e f f e c t i n g  a h igh  d i e l e c t r i c  s t rength .  

Other concl  usions drawn from those comprehensive s tud ies  are: ( i  ) open- 

cha in  sa tura ted  PFCs do n o t  a t t a c h  e lec t rons  as e f f i c i e n t l y  as the  



unsaturated PFCs; ( i ' i )  for  saturated PFCs .an increase in' molecular s ize 

(chain length) increases the attachment rate;  ( i i i )  the presence of 

multiple bonds in the molecule dramatically increases the magnitude of 

the electron.attachment ra te  fo r  the saturated open-chain PFCs, b u t  i t  

has only a small e f f ec t  for  cyclic PFCs; ( i v )  the cyclic nature of the 

PFCs seems to increase greatly the electron attachment cross section; and 

(v) for  single-bonded cyclic PFCs, substi tution of CF3 groups fo r  F atoms 

increases electron attachment a t  thermal electron energies more than does 

an increase in molecular s ize;  in double-bonded cycl i c  compounds, increase 

in ring s ize  increases the attachment cross section a t  thermal energies. 

In connection with ( 2 )  a swarm study on the attachment of slow 

electrons (,$3 eV) to  C-C7F14 (perf1 uoromethyl cycl ohexane) and 1-C7F14 

(per.fl uoro-1-heptene) has been completed. For both molecules the attach- 

ment cross sections show resonance maxima a t  0.07 and 0,25 eV, and they are  

much larger for  the cyclic isomer. The energy integrated attachment cross 

section from thermal energy to  1.4 eV [ i .e . ,  K : ( E ) ~ E ]  i s  2.6 x 10-l5 
0.04 eV 

cm2 eV for  C-C7F14 and %0.5 x 10-15 cm2 eV fo r  leC7F14, while the thermal 

value of the electron attachment ra te  fo r  C-C7F14 i s  18.3 x 108 sec-l 

to r r - l  [ i  .e . ,  14 times larger than tha t  (1.33 x lo8 sec'l t o r r - l )  for  

J - C 7 F l 4 ] .  These findings are consistent with the higher d i e l ec t r i c  

strength of c-CjF14 relat ive to  1-C7Fi4. The re la t ive  d i r ec t  current ( D C )  

breakdown voltages for  C-C7F14, 1-C$F14 and SF6 are:  2.2, 1.2, and 1 . O ,  

respectively. This work i s  fu l ly  described in a paper submitted fo r  

pub1 ication to  ~hernihn~. Phgsics Letters which i s  attached as Appendix A.  



B .  The Role of ' t he  Electron Impact Ionization Cross Section i n  the 

Breakdown Strength of Dielectric Gases 

Our systematic studies on the role of the electron impact ionization 

cross sect ion,  a i ( E ) ,  as  a function of electron energy c in the breakdown 

strength,  V s ,  of gases/mixtures continued with extreme vigor. Fou,r gases 

( ~ e ,  Ar, N p ,  and SF6) were chosen for  which the u ~ ( E )  and the total  electron 

scat ter ing cross section, uSC(€) , a t  low energies a re  known. Measurements 

of DC breakdown strengths on Ne, Ar, Ne + N 2 ,  Ar + N 2 ,  Ne .+ SF6 , Ar + 

SF,, N 2  + Ne + SF6, and N 2  + Ar + SF6 have been completed and are reported, 

using sphere on sphere-sphere and/or square rod-plane electrode geometries. 

Also DC breakdown strength measurements have been made on pure Ne and pure 

Ar us4 ng plane-plane electrode geometry (see Fig .  'I ) . Additionally, 

electron energy d is t r ibut ion  functions have been computed for  a number 

of values of E/P (pressure-reduced e l ec t r i c  f i e l d )  fo r  Ne and Ar. On 

the basis of these measurements, calculations,  and data on uSC(&) and ui ( E ) ,  

i t  was concluded tha t  the magnitude of u,,(c) a t  subionization ( E  c I )  
, 

and especially a t  subexcitation ( E  < energy of lowest excited electronic 

s t a t e )  energtes i s  much more s ignif icant  in effecting high values o f  Vs 

than u i  ( E ) .  The generat conclusi.on can be drawn tha t  large electron 

scat ter ing cross sections i n  the subexcitation energy range i s  the most 

s igni f icant  factor  in effecting a h i g h  V s  besides large electron attachment 

cross sections. These signifi'cant fi'ndings a re  described i n  a paper being 

submitted fo r  pub1 icatfon i'n the J o m Z  of Physics D (AppZied Phgsicsl.;. th.e 

paper i s  attached to t h i s  report as  Appendix B. Tn t h i s  paper the e f fec t  

of the s t a t i c  polarizabil i'ty and perf1 uori'nation on 0 ( E )  i s  a1 so discussed. 

T h u s ,  i t  was found tha t  the si'ze of the i'oni'zation cross secti'on fo r  
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Fig. 1. Vs vs d f o r  pure Ar and pure Ne. (Pressure = 530 t o r r ;  
T - 296OK; plane-plane electrode geometry.) The breakdown voltages fo r  
100% Ar r e f l e c t  a greater  uncertainty than f o r  any other  gas we invest-  
igated. For a given electrode separation the V, was observed t o  increase 
w i t h  time on the order of 5 t o  10% over the course of %30 min. A1 so 
when the Vs o f  a given'Ar sample was measured on succeeding days a 
difference i n  Vs of as  much as 20% was noted. 



most molecules tends t o  increase w i t h  the s i z e  o f  t h e i r  respec t i ve  s t a t i c  

p o l a r i z a b i l i t i e s .  For  a  g iven value o f  the  s t a t i c  p o l a r i z a b i l i t y  i t  was 

found t h a t  p e r f l u o r i n a t i o n  o f  a  hydrocarbon reduces the s i z e  o f  the  

i o n i z a t i o n  cross sec t ion ,  e s p e c i a l l y  near the  i o n i z a t i o n  th resho ld  energy. 

I t  was found, a1 so, t h a t  f o r  pe r f1  uo r ina ted  hydrocarbons the i o n i z a t i o n  

th resho lds  are h igher ,  and i o n i z a t i o n  cross sec t ions  are  lower, than those 

o f  t h e i r  respec t i ve  n o n f l u o r i n a t e d  analogs. This  i s  a t t r i b u t a b l e  t o  the 

h i g h  e l e c t r o n e g a t i v i t y  and h igh  i o n i z a t i o n  th resho ld  energy o f  the  ground 

s t a t e  F atom. 

Not inc luded i n  the  Journal of Physics D paper a re  the V s  vs Pd data 

on t h e  Ne + N2 and A r  + N2 mix tures  which are  shown i n  F ig .  2. 

C. E f f e c t  o f  D ipo le  Scd l l e r i r i y  on V s  

Gas d i e l e c t r i c  components comprising molecules w i t h  permanent 

e l e c t r i c  d i p o l e  moments may prove b e n e f i c i a l  i n  i nc reas ing  the breakdown 

vo l tage,  Vs ,  o f  multicomponent gaseous i n s u l a t o r s  i n  two ways: 

(1 )  v i a  s t rong  d i p o l e  s c a t t e r i n g  o f  low-energy e lec t rons  and 

( 2 )  v i a  c l u s t e r i n g  e f fec ts  i n v o l v i n g  ions  and d i p o l a r  molecules. 

I n  t h i s  r e p o r t i n g  p e r i o d  we began i n v e s t i g a t i n g  (11, and some of our  

i n i t i a l  f i n d i n g s  are  b r i e f l y  o u t l i n e d  below. 

The cross sec t i ons  f o r  e l e c t r o n - d i p o l a r  molecule s c a t t e r i n g  a t  near 

thermal e l e c t r o n  energies a r e  l a r g e  and increase approximately as the  

square of the s i z e  o f  the  permanent e l e c t r i c  d i p o l e  moment D (see f o r  

example r e f s .  1-3) .  The e lec t ron -d ipo le  s c a t t e r i n g  cross sec t i on  fa1 1s 

o f f  as l / v 2  ( V  i s  the e l e c t r o n  v e l o c i t y ) ,  b u t  the ex ten t  o f  e l e c t r o n  

energies above thermal over  which t h i s  ve1aci;ty dependence o f  the 
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sca t te r ing  cross section i s  valid i s  unknown. For D values of 2 to. 3 

debye, the scat ter ing cross section i s  quite large (>10'14 cm2 for  

E < 0.9 eV for  D = 3 debye) and many molecules, convenient to  .use in 

mu1 ticomponent gas mixtures, e x i s t  with dipole moments of th i s  s ize.  

Four such molecules with D in the range 0 to  2.32 debye were chosen, 

and t h e i r  Vs in mixtures with SF6 and SF6 + N2 have been measured. The 

r e su l t s  of these studies are  summarized in Table 1 and Figs. 3 and 4. 

I t  can be seen from these findings tha t  electron-dipole scattering does 

not s ign i f i can t ly  increase VS.  However, fur ther  work i s  needed and i s  

in progress. Work i s  a lso in progress with regard to  item ( 2 )  ( i  .e . ,  the 

possible e f fec t  of clustering on Vs i n  mu1ti:cornponent gas mixtures 

containing molecules with 1 arge D ) . 

D. Electr ic  Field-Induced Electron Detachment from Mononegative Ions 

We have repeatedly pointed out i,n our ea r l i e r  work (see,  for  example, 

r e f s .  4-6) that  the most desirable way of removing electrons from a gaseous 

d ie l ec t r i c  medium--in order to  e f fec t  a higher d ie lec t r ic  strength--is 

capture of the electrons by the d ie l ec t r i c  gas. molecules forming negative 

ions. These ions diffuse to  the walls and are destroyed there. I f ,  

however, the electrons are  loosely bound to the atom, radical, or molecule 

( i  . e . ,  i f  the electron a f f i n i t . ~ ,  EA, of the capturing species i s  small, 

say, close to 3/2 kT) ,  the ions, A', can be e f f ic ien t ly  destroyed in 

coll  isions with neutral species, M (A-  + M + M + A + e )  and/or by 

e l e c t r i c  f i e lds  (field-induced electron detachment) when the l a t t e r  are 

large.  I t  i s  of course possible that  other electron detachment processes 

(e.g. ,  photodetachment, associat ive,  and nonassociative collisiona.1 



Table 1 .  Breakdown voltage,  V s ,  f o r  n ixtures  containing component gases with permanent e l e c t r i c  dipole moments, D 

Percentage (%) Dipole v, ( k U a  - 
Moment 

SF6 N2 x of X 
d(inches) 

(debye) 0.075 0.125 0.175 0.225 0.2715 0.325 0.425 0.525 0.625 

a Total pressure: 500 t o r r ;  T - 296°K; plane-plane electrode geometry. 



d ( inches) 
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F i g .  3 .  Vs vs d  f o r  pure SF6 and mix tures  o f  SF6 w i t h  p o l a r  and 
nonpolar  component gases (see  t e x t  and Table  1  ) .  ( T o t a l  pressure = 500 
torr; T = 296OK; p l  ane-pl ane e l e c t r o d e  geometry. ) 
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F i g .  4. Vs vs d for  mixtures of po la r  fluorocarbons w i t h  35% N2 + 
30% SF6. (Total pressure = 500 torr; T = 296°K; plane-plane electrode 
geometry. ) 
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detachmen't, see Chapter 7  of re f .  1  ) can occur.  E lec t ron  impact-induced 

c o l l  i s i o n a l  detachment (e  + A- -+ A + 2e) may occur when a  subs tan t i a l  

f r a c t i o n  o f  the e l e c t r o n s  i n  the st ressed gas have h igh  energies, as 

m igh t  be the  case i n  h i g h  e l e c t r i c  f i e l d s .  Although l i t t l e  i s  known about 

t h i s  process i n  t he  energy range o f  i n t e r e s t  t o  breakdown phenomena, i t  

i s  c l e a r  t h a t  a  r e p u l s i v e  Coulomb f o r c e  e x i s t s  between the  e l e c t r o n  and 

t h e  anion--which i s ,  o f  course, absent i n  o the r  types o f  e l e c t r o n  detach- 

ment processes such as photodetachment. Ac tua l l y ,  the  Bethe-Born approxi -  

mat ion w i t h  a  semiempir ica l  correcti.on f o r  the e  - A- r epu ls ion  was found 

t o  be i n  reasonable agreement a t  h igh  energies w i t h  the  experimental  

r e s u l t s  on e  + H' -+ H + 2e and e  + 0- -+ 0  + 2e (see r e f .  1, Chapter 7  

and r e f .  7, pp. 500-512). 

A hos t  o f  observat ions i n  breakdown s tud ies  have been a t t r i b u t e d  

t o  e l e c t r i c  f i e l d - i nduced  e l e c t r o n  detachment from negat ive  ions.  Very 

1  i t t l e  i s  indeed known about t h i s  process (see, however, r e f .  7, 

pp. 495-500) and i t s  imp1 i e d  r o l e  i n  breakdown phenomena. We addressed 

ourselves t o  t h i s  quest ion,  and our  p r e l i m i n a r y  r e s u l t s  a re  out1 ined below. 

Schweinler (see Appendix C) considered f i e l d  emission from atomic and 

molecu lar  anions i n  s -s ta tes  (angular momentum quantum number L = o ) ~  and 

obta ined f o r  the p r o b a b i l i t y  o f  e l e c t r o n  detachment per  second, p, the  

expression 

t r a n s i t i o n  
= sec 

2 x  I O ~ ~ / S ' - , ~ ~  e.xp --- 
( E N  ( ( ,  (I) 

t ~ o r k  on f i e ld - i nduced  e l e c t r o n  detachment from negat ive i o n  s ta tes  w i t h  

t 2 0 i s  i n  progress. 



where 

f = fraction of probability density outside of the effect ive range, ro ,  

of the interaction potential ( ro  i s  roughly the radius of the negative 

ion; see Appendix C )  
N 

EA = -. EA ~ A i s  the electron a f f in i ty  of the capturing species in eV. 
13.6' 

a~ = Bohr radius = 0.5292 x cm 
hl 

E i s  the applied e l e c t r i c  f i e ld  in volts c k l .  = 5 x 109; 

Figure 5 shows p as a function of E for  different  valuds of EA for  

x = ro/aH = 2 and f = 0.01, and Fig. 6 shows p as a function of EA for  

various values of E .  Since f in E q .  (1 )  i s  simply a mu1 t ip l ica t ive  factor ,  

the values of p in Figs. 5 and 6 will have to  be multiplied by a factor of 

y/0.01 for  values, y ,  of f .  A value of f between 0.1 and 0.01 i s  considered 

reasonable. The e f fec t  of ro,on p can be seen from the data in Tables 2 

and 3 fo r  x = 2 (Table 2 )  and x = 5 (Table 3 ) .  The former (x  =. 2 )  values 

may be"considered typical of atomic anions and t h e  l a t t e r  ( x  = 5) typical 

of molecular anions. 

To understand the role of field-induced electron detachment l e t  us 

consider the reaction 

,A + , X -  
e + AX- AX ,.k 

( 2 4  

LAX" 9 

( 2 b )  

where, AX'* i s  a t ransient  (metastable) negative ion which dicssociates 

(channel 2a); i s  s tabi l ized (usually by col l i s ion)  (channel 2b ) or i s  

destroyed by autodetachment [AX-* + AX (*) + e (*) ] 1 For pressures normal ly  

employed in practice (say %5 atm) the col l is ion time, T~~~ be tween 

AX-* and AX (or a buffer gas molecule, Y )  i s  of the order of 1 0 - ~ ~ - 1 0 - ~ *  

sec, depending on AX- and Y . ~  If AX-* i s  s tabi l ized with an efficiency 

t ~ f  AX o r  Y i s  polar the coll ision time could be even shorter. 



F ig .  5. p ( s e c - l )  v s  E(106 V cm-l) f o r  va r i ous  va lues o f  EA(eV); 
x  = r,/aH = 2 and f = 0.01 (see t e x t ) .  



F i g .  6. p ( s e c - l )  vs EA(eV) f o r  var ious  values o f  E(106 V cm'l); 
x = ro/aH = 2 ;  f = 0.01 (see t e x t ) .  



Table 2. Values of p for various combinations of EA and E; x = 2 and f = O.Ola 

E (lo6 volts ox-') 

a ~ o r  f = 0.1 or generally for f = y the corresponding probabilities p wi'l have to tme multiplied by a factor of 
10 or 102Y respectively. 



Table 3. Values o f  p f o r  var ious combinations o f  EA and E; :< = 5 and f = 0.01 

E (106 v o l t s  cm-l) 

EA(eV) 0.1 0.5 1 2 5 10 20 5 0 

0.01 9.95 x 101° 8.47 x 1 0 l n  1.81 x 1012 3.74 x 1012 9.54 x 1012 1.9? x lo i3  3.86 x1013  9.66 x l o i 3  



f' a t  each c o l l i s i o n  w i t h  AX o r  Y then the time, rst, f o r  c o l l i s i o n a l  

s t a b i l i z a t i o n  o f  AX-* i s  

r = r /f' . s t  c o l l  

I f  AX and Y are l a r g e  molecu lar  systems, va lues o f  f "  between 0.5 and 1 are  

n o t  unreasonable (see r e f .  8 ) .  Then, t a k i n g  f '=  1, a t ime o f  110'11 sec 

i s  rough ly  needed f o r  AX-* t o  be s t a b i l i z e d  and y i e l d  a stabile AX- i n  which 

the  a t tached e l e c t r o n  i s  bound by an energy equal t o  the e l e c t r o n  a f f i n i t y  

EA(AX) o f  the  molecule AX. If, on the  o the r  hand, d i s s o c i a t i v e  attachment 

(channel 2a) takes p lace,  t he  fragment X -  u s u a l l y  i s  s t a b l e  by'EA(X); t he  

e l e c t r o n  a f f i n i t y  of X, if X i s  an atom; i f  X i s  a r a d i c a l ,  i t  may s t i l l  

r e q u i r e  f u r t h e r  s t a b i l i z a t i o n  c o l l i s i o n a l l y ,  and the  t ime requ i red  f o r  t h i s  

s t a b i l i z a t i o n  may again be taken t o  be o f  the o r d e r  o f  sec. Thus 

the  f i n a l ,  s tab le ,  products AX- and X- o f  e l e c t r o n  attachment a re  formed, 

as a r u l e ,  w i t h i n  1 0 - l 1  t o  1 0 - l 2  sec o f  the i n i t i a l  e l e c t r o n  capture event.  

These s t a b i l i z e d  ions,  AX- and X-, w i l l . d r i f t  under the  i n f l uence  o f  the  

e l e c t r i c  f i e l d  t o  the.  w a l l  s  o f  the gas conta iner  and be destroyed there.  

The time, T~~~~ , requ i red  f o r  t h i s  d r i f t  t o  the  w a l l s  Ts o f  course 

determined by the  respec t i ve  i o n i c  m o b i l i t i e s ,  the  d is tance o f  the ions 

from the  wa l l s ,  and the e f f e c t i v e  value o f  E/P. We may take as a t y p i c a l  

average value of rwall sec. 

Hence, the p r o b a b i l i t y ,  p', t h a t  the e l e c t r o n  w i l l  be detached by the  

e l e c t r i c  f i e l d  from the  s t a b l e  AX- and X- ions  before they reach the  wa l l  

p ' = p . G  w a l l  

t ~ h i s  i s  of course f o r  a un i fo rm e l e c t r i c  f i e l d .  For nonuniform e l e c t r i c  

f i e l d s  bo th  p and rwall w i l l  vary cons iderab ly  depending on the f i e l d  

r e g i o n  i n  which the  ions  a re  formed. 



From -the data i n  F igs.  5 and 6 and Tables 2  and 3, i t  i s  seen t h a t  f o r  

f i e l d s  normal ly  expected i n  p r a c t i c e  ($1 x  l o 6  V cm'l) p' << 1, if EA(AX) 

o r  EA(X) i s  $0.5 eV. Thus, unless the EA o f  AX and X i s  smal l  (<0.2 t o  

0.3 eV), t he  process of f i e l d - i n d u c e d  e l e c t r o n  detachment must be considered 

unimportant.  

Now, i t  can be seen f rom Eq. ( 2 )  (and from many e a r l i e r  d iscussions;  

see, f o r  example, r e f .  1 )  t h a t  the  produc t ion  o f  the'  f i n a l  s t a b l e  ions  

AX- and .X- proceeds v i a  the  in te rmed ia te  s t a t e  AX-*. I n  t h i s  in te rmed ia te  

s t a t e  t h e  e l e c t r o n  i s  bound t o  the. molecule ins tan taneous ly  very weakly and 

w i t h  a  spectrum of b ind ing  energ ies.  The i o n i z a t i o n  energy, I(Ax-*), of 

AX'* va r i es  f rom -3/2 kT t o  +EA(AX), t he  va lue o f  I (AX-*) depending on 

the  var ious  phases o f  the  v i b r a t i o n a l  c y c l e  o f  AX-* and being c l o s e r  t o  

-3/2 kT than t o  +EA(Ax). I t  i s  seen from Tables 2  and 3 t h a t  p  can be 

very  l a r g e  when EA i s  very  smal l .+ Hence, a l though the  i n te rmed ia te  AX-* 

may have a  l i f e t i m e ,  T,, o f  <10- l2  sec, the  produc t  

can be l a rge .  I n  p r a c t i c a l  s i t u a t i o n s ,  t he re fo re ,  i t  i s  most l i k e l y  t h a t  

i t  i s  the e f f e c t  o f  t he  e l e c t r i c  f i e l d  on AX'* r a t h e r  than on the  stab.1e 

AX' o r  X' which determines the  p r o b a b i l i t y  o t  f i e i d - i n d u c e d  detachment, 

( i  .e., ' t h e  detachment o f  t he  l o o s e l y  bound e l e c t r o n  from the  h i g h - l y i n g  

l e v e l s  o f  AX-* t h a t  i s  very  s e n s i t i v e  t o  e l e c t r i c  f i e l d s ) .  

'1t i s  n o t e d  t h a t  a 1  though the  p r o b a b i l i t y ,  p, o f  f i e l d  emission i s  very 

much h ighe r  when I(AX-*) i s  ins tan taneous ly  c l ose  t o  zero, t he  ergod ic  

f a c t o r  may reduce p. 



I I I. DIRECT CURRENT BREAKDOWN STRENGTHS OF GASES/MIXTURES 

A. U n i t a r y  Gases 

During t h i s  r e p o r t i n g  p e r i o d  a  number o f  u n i t a r y  gases were studied.  

To p rov ide  a d d i t i o n a l  in fo rmat ion  on the  d i e l e c t r i c  c h a r a c t e r i s t i c s  o f  

f l  uorocarbon gases, we measured the  breakdown vo l  tages o f  C2F6 (hexa f l  uoro- 

ethane, Freon 11 6 )  and n-C4Flo (pe r f1  uoro-n-butane) . The u n i f o r m - f i e l d  

d i e l e c t r i c  s t rengths  r e l a t i v e  t o  SF6 of C2F6 and n-CbFlo were found t o  be 

0.80 and 1.32, r e s p e c t i v e l y .  The breakdown vol tages o f  C2F6 and some o f  

i t s  m ix tu res  w i t h  SF6 and N2 are  g iven i n  F ig .  7. S i m i l a r l y ,  i n  F ig .  8 

a re  shown V s  versus Pd f o r  pure  n-C4Flo, pure SF6, and 50% C4F10 + 50% SF6. 

The r e l a t i v e  s t rengths  were determined by t a k i n q  the r a t i o  o f  the  slopes 

o f  t h e  l e a s t  squares f i t  l i n e s  f o r  the breakdown vol tages.  A thorough 

s tudy  o f  these gases and t h e i r  mix tu res  i n  nonuniform f i e l d s  (rod-plane, 

p o i n t - p l  ane, concen t r i c  c y l  i nde rs )  i s  planned. Cami l l  i e t  a1. i nd i ca ted  

t h a t  n-C,Floand n-C4Flo/N2 mixtures a re  super io r  t o  SF6 i n  nonuniform 

f i e l d s .  

A d d i t i o n a l l y ,  we have s tud ied  ex tens i ve l y  the r a r e  gases A r  and Ne 

bo th  i n  pure form and i n  mix tures  w i t h  N2 and SF6 (see Sect .  11 B  and 

Appendix B) .  These r a r e  gases are  poor d i e l e c t r i c s ,  as expected. However, 

t h e i r  s tudy i s  use fu l  s ince  a  g rea t  deal o f  bas ic  phys i ca l  data on them 

a l ready  e x i s t s ,  i n  p a r t i c u l a r  on e lec t ron- impact  i o n i z a t i o n  and e l e c t r o n  

s c a t t e r i n g  cross sect ions.  The s i g n i f i c a n c e  o f  i o n i z a t i o n  and s c a t t e r i n g  

t o  the  d i e l e c t r i c  s t reng th  i s  discussed i n  d e t a i l  i n  Sect .  I 1  B and 

Appendix B. 

Several o the r  new compounds have been s tud ied  o n l y  i n  mix tures  and 

the  r e s u l t s  o f  these s tud ies  are  discussed i n  the n e x t  sec t ion .  
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Fig. 7. V S  vs d f o r  pure SF6, C2F6 and N 2  and mixtures of C2F6 with 
N 2  and SF6 (see t e x t  and Table 4) ( t o t a l  pressure = 500 torr; T = 296°K; 
pl ane-pl ane el ectrode geometry). 
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B. Gas Mix tures  

I n  F ig .  7 the Vs  vs d  data f o r  the  mix tures  o f  C2F6 w i t h  N2 and SF6 

are  shown, and i n  Table 4  the  slopes and i 'n tercepts o f  the  Vs versus d  l i n e s  

as we1 1  as the r e l a t i v e  breakdown st rengths,  (Vs ) a re  1  i s t e d .  The (Vs)R 
R ' 

were c a l c u l a t e d  i n  t h i s  case by t a k i n g  the r a t i o  o f  the slopes of the  

respec t i ve  gas/mixture t o  t h a t  o f  SF6 except f o r  N2. I n  Table 4  o f  r e f .  

4, even though the slopes and i n t e r c e p t s  were given, a l l  o f  t he  r e l a t i v e  

s t rengths  were obta ined by averaging the  r a t i o s  o f  the breakdown vol tages 

over the  corresponding range o f  Pd's. For gases which have a  r e l a t i v e l y  

l a r g e  i n t e r c e p t ,  the r a t i o  o f  i t s  s lope t o  t h a t  o f  SF6 does n o t  always 

g i ve  the  same r e l a t i v e  breakdown s t reng th  as i n  t a k i n g  the r a t i o s  o f  the 

i n d i v i d u a l  Vs  values a t  the corresponding Pd's.  For example, N2 as 

repor ted  i n  r e f .  4  has a  (Vs)R o f  0.40 when c a l c u l a t e d  from i n d i v i d u a l  VS 

values, b u t  i t  has a  (Vs)R o f  0.31 when the slopes a re  used. When the  

i n t e r c e p t  i s  n e g l i g i b l e  compared t o  the ac tua l  breakdown vol tage,  t he  

r e l a t i v e  breakdown s t reng th  may be accura te ly  obta ined by t a k i n g  the r a t i o  

o f  the  slopes. I n  many smal l -scale l abo ra to ry  t e s t s ,  however, the vol tages 

used are l e s s  than 100 kV and f requent ly  l e s s  than 50 kV, which i s  the 

case f o r  N2 i n  F ig.  7. I n  these s i t u a t i o n s  the (Vs)R i s  bes t  represented 

by c a l c u l a t i n g  the r a t i o  of the Vs  a t  each Pd value used and then t a k i n g  

an average. This  procedure w i l l  be fo l lowed whenever the r a t i o s  o f  the 

slopes do n o t  g i ve  an accurate (Vs) Hence the value o f  0.40 i s  used 
R '  

f o r  N2 i n  t h i s  casc. 

From F ig .  7 and Table 4  we see a  s y n e r g i s t i c  e f f e c t  i n  the  50% C2F6 + 

50% N, m ix tu re .  The m ix tu re  has a  r e l a t i v e  s t reng th  o f  0.69, which l i e s  

we11 ahnve the va111e nf 0.60 obt.it.inild by a  weighted average of the  Vs of 



Table 4. Uniform f i e l d  breakdown vo l tages  f o r  C2F6, n-C4F10, and some 

o f  t h e i r  m ix tu res  w i t h  SF6 and N2 ( P  = 500 t o r r ;  T  = -23OC) 

Gas S.1 opea I n t e r c e p t  
(kV/ in )  (kV) 

aslopes may be conver ted t o  u n i t s  o f  kv/atm-mm b y  mu1 t i p l y i n g  by 
5.984 x  l o - ? .  

b ~ e a s u r e d  on h igh  pressure, v a r i a b l  e  temperature apparatus. 

t h e  separate components. S i m i l a r l y ,  a  s y n e r g i s t i c  e f f e c t  i s  observed f o r  

the  50% C2F6 + 50% SF6 mlx ture ,  the (VS)R o f  0.95 being h igher  than the 

expected 0.90. Also the  40% C2F6 + 40% N2 + 20% SF6 m ix tu re  a t  0.84 l i e s  

w e l l  above the weighted average value o f  0.68. However, i n  the case o f  

n-C4Fio i n  F ig.  8, no synergism i s  ev iden t  i n  the  50% n-C4Flo + 50% SF6 

m ix tu re .  Fu r the r  da ta  on mix tures  and measurements o f  the  e l e c t r o n  a t tach-  

ment p r o p e r t i e s ' o f  C2F6 and n-C4Fln a re  necessary t o  i n t e r p r e t  these 

f i n d i n g s  . 
A number of  mix tu res  were i n v e s t i g a t e d  us ing  gases w i t h  l a r g e  d i p o l e  

moments i n  combinat ion w i t h  SF6 and N2. The gases used were 1,1,1-CH3CF3, 

CHF3, CH2F2, and CF4. These gas mix tures  were s tud ied  t o  determine the 



e f fec t  of d i p o l e  s c a t t e r i n g  on breakdown s t reng th  (see Sect .  I1 C ) .  

Figures 3, 4, 9, and 10 g i ve  the  r e s u l t s  o f  these breakdown measurements. 

The mix tures  i n v o l v i n g  CF, and CHF3 suggest a s l i g h t  synergism w i t h  N2; 

however, the e f f e c t  i s  q u i t e  smal l ,  and i t  cou ld  very w e l l  f a l l  w i t h i n  the  

experimental  e r r o r .  Hence no conculsions can be made about s y n e r g i s t i c  

e f f e c t s  i n  these mix tures  a t  the  present  t ime. The e f f e c t  o f  d i p o l e  

s c a t t e r i n g  on the d i e l e c t r i c  s t reng th  has been e labora ted  upon i n  Sect .  

I1 C. 
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Fig. 9. V vs d f o r  70% N2 + 30% SF6, 70% CF4 + 30% SF6 and 35% 
C F ~  + 35% N1 + 30%  SF^ ( t o t a l  pressure = 500 t o r r ;  T = 296OK; plane- 
pl ane e l  ectrode geometry). 
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Fig. 10. Vs vs d f o r  70% 'N2 + 30% SF6, 70% CHF3 + 30% SF6 and 
35% CHF3 + 35% N2 + 30% SF6 ( t o t a l  pressure = 500 t o r r ;  T = 296'K.; 
plane-plane e lect rode geometry). 
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I V .  EFFECTS OF TEMPERATURE ON THE DIELECTRIC 
STRENGTH OF GASEOUS DIELECTRICS 

We have concentrated i n  t h i s  r e p o r t i n g  p e r i o d  on the  temperature range 

above room temperature (-20°C). I n  prev ious work5 we repor ted  on breakdown 

measurements i n  the  range -15°C t o  -+50°C f o r  100% SF6 and 0°C t o  ~ 8 5 ° C  

f o r  20% SF6 + 80% N2 mix ture .  I n  t h a t  work5 no temperature dependence o f  

t h e  breakdown vo l tage  was observed f o r  100% SF6. However, a s l i g h t  drop 

i n  V s  f o r  the m i x t u r e  was observed a t  the h ighes t  temperatures. Thus, 

f u r t h e r  i n v e s t i g a t i o n s  a t  h igher  temperatures were requ i red ,  and t o  go t o  

h ighe r  temperatures modif i c a t i o n  o f  our  apparatus was necessary. 

The h igh  vo l tage feedthrough f o r  the chamber i s  an i n t e r n a l  type i n  

which the  h igh  vo l tage  cab le  extends about 1 f t  i n s i d e  the  chamber 

i t s e l f .  The pressure seal i s  made by an O-r ing conta ined i n  a housing 

b o l t e d  on to  the top  f l ange  of  the chamber. I n  a p r e l i m i n a r y  t e s t  o f  a 

smal l  s e c t i o n  o f  cab le  we found t h a t  the  cab le  began t o  m e l t  a t  ~ 9 0 ° C .  

Fu r the r  t e s t i n g  i n d i c a t e d  t h a t  gamma i r r a d i a t i o n  cou ld  r a i s e  the m e l t i n g  

p o i n t  o f . t h e  cab le  w e l l  above 150°C. Hence t o  achieve temperatures on 

the  o rde r  o f  150°C i t  was necessary t o  have one end o f  our  power supply 

cab le  i r r a d i a t e d  (see Sect .  I X  f o r  d e t a i l s ) .  

Dur ing p r e l i m i n a r y  checkout runs a t  e leva ted temperatures a substan- 

t i a l  temperature g rad ien t  was found t o  e x i s t  between the bottom and the 

top  o f  the  chamber even though the oven completely enclosed the  chamber. 

The g r a d i e n t  i s  e v i d e n t l y  caused by convect ion r e s u l t i n g  i n  a "smokestack" 

e f f e c t .  It was n o t  poss ib le  t o  seal the oven t i g h t l y  enough t o  completely 

e l i m i n a t e  the problem. As a temporary means of coping w i t h  the problem 

we wrapped heat ing  tapes around the bottom one t h i r d  o f  the  chamber which 



cou ld  be regu la ted  separa te ly  from the  s t r i p  heaters i n  the oven. By 

t h i s  a d d i t i o n a l  heat ing  o f  the  bottom o f  the chamber we were e s s e n t i a l l y  

ab le  t o  e l i m i n a t e  the grad ien t .  The temperatures were monitored by a 

thermocouple p laced insi 'de the- chamber be1 ow the ground e lec t rode  and a 

second thermocouple l oca ted  i n s i d e  the  chamber approximately 4 i n .  

below the  top f lange,  The temperature d i f f e r e n c e  between the  two p o i n t s  

was kept  l e s s  than 2°C over the e n t i r e  range o f  temperatures. 

Table 5 g ives p re l im ina ry  r e s u l t s  on the  breakdown vo l tages  f o r  1.00% 

SF6 and 30% SF6 + 70% N2 f o r  t h ree  temperatures. U n i f o r m - f i e l d  e lec t rodes 

were used. These measurements were made a t a  constant  number dens i t y  o f  

1.65 x 1019 ca l cu la ted  by assuming i d e a l  gas law behavior.  This  

number dens i t y  corresponds t o  500 t o r r  pressure a t  %20°C. The data 

i n d i c a t e  t h a t  t o  w i t h i n  experimental  e r r o r  t he re  i s  no dependence o f  the  

breakdown vo l tage f o r  these gases on temperature. A t  each temperature, 

new gas was in t roduced i n t o  the  chamber, a l lowed t o  reach thermal equi -  

l i b r i u m ,  and the pressure was ad jus ted  t o  o b t a i n  the  c o r r e c t  number 

dens i ty .  The temperatures g iven i n  Table 5 are  the  averages o f  the top 

and bottom thermocouple readings immed1.ately before and immediately 

a f t e r  a s e t  of 15 sparks was made. Fu r the r  s tudy a t  h igher  number 

d e n s i t i e s  i s  planned: 



Table 5. P re l im ina ry  breakdown measurements a t  h igh  temperatures f o r  
' 

un i fo rm- f i e ld  e lec t rodes a t  constant  number densi ty ,  N = 1.65 x cm-3 

Vs (kV) 
Gap spacing ( inches)  



V. IMPULSE STUDIES 

The t h r u s t  of our  impulse s tud ies  i s  b i d i r e c t i o n a l .  One d i r e c t i o n  i s  

t o  t e s t  the impulse w i ths tand behavior of new gases and gas mix tures  as a 

f u n c t i o n  o f  the  var ious p r a c t i c a l  parameters (e.g., pressure, e lec t rode  

separat ion,  e lec t rode  geometry, e t c . )  w i t h  a view toward p r a c t i c a l  a p p l i -  

c a t i o n  o f  these new gases and gas mixtures;  impulse t e s t i n g  may w e l l  prove 

t o  be the  c r u c i a l  t e s t  f o r  d i e l e c t r i c  gases s ince the  pr imary source o f  

over  vo l tage i n  e l e c t r i c a l  power apparatus i s  due t o  l i g h t n i n g  and swi tch-  

i n g  surges. The o the r  d i r e c t i o n  o f  our  impulse work i s  toward improving 

the  understanding o f  the dynamics o f  the breakdown processes i n  gases. A 

b e t t e r  understanding o f  the dynamics o f  breakdown can l ead  t o  improvements 

i n  the  use o f  d i e l e c t r i c  gases and gas mixtures.  

The complexi ty  o f  the impulse behavior i n  d i e l e c t r i c  gases makes i t  

d i f f i c u l t  t o  evaluate the r e l a t i v e  m e r i t s  of d i f f e r e n t  gases unless a l l  

o f  the parameters are  kept  the same o r  a re  p rope r l y  c o n t r o l l e d .  With t h i s  

i n  mind, we have i n i t i a t e d  t e s t i n g  o f  d i e l e c t r i c  gases by t a k i n g  a s e t  o f  

reference data w i t h  N2 and SF6 and t h e i r  mix tu res  so t h a t  d i r e c t  compari- 

sons ( w i t h  a1 1 experimental va r i ab les  kept  i d e n t i c a l  ) can be made w i t h  

data on new gases/mixtures. Measurements have been made o f  V S 0  ( v o l  tage 

w i t h  50% probab i l  i t y  o f  breakdown), Vlox (vo l tage w i t h  ten  consecut ive 

breakdowns), and a lower vo l tage 1 i m i t  f o r  ten  impulses w i t h  no breakdown. 

F igure  11 shows a t y p i c a l  data run  a t  0.625 i n .  gap s e t t i n g  f o r  20% SF6 + 

80% N, (304 t o r r  SF, + 1216 t o r r  N,), p o s i t i v e  p o l a r i t y  i n  a p ~ i n t - ~ l a n e  

geometry w i t h  a l i g h t n i n g  waveform (1.2 p sec r i s e  t ime and 50 psec decay t ime) .  

(The "po in t "  e lec t rode  i s  a 30" cone ending i n  a hemisphere o f  1 mm rad ius  

t o  prevent  sparks from changfng the geometry o f  the  "po in t  . 'I) The data 
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Fig.  11. Typ i ca l  measursment r u n  o f  nominal impulse peak vo'tage vs impulse number 
t o  determine one V S 3  value. 



have been taken as f o l l o w s :  

( i )  some s u i t a b l y  low va lue  o f  t h e  impulse vo l t age  was chosen so t h a t  

no breakdown occur red  i n  t e n  consecu t i ve  impulses. 

( i i )  f o l l o w i n g  ( i )  , f o r  a  g i ven  impulse,' if t h e r e  was a breakdown, t h e  

impulse vo l t age  was lowered by 5 kV; i f  t h e r e  was no breakdown, t h e  

impulse vo l t age  was r a i s e d  by 5 kV. Th i s  techn ique  a u t o m a t i c a l l y  

hunts  f o r  t he  vo l t age  f o r  50% p r o b a b i l i t y  o f  breakdown, VsOy and 

e x p l a i n s  why t he  V 3  va lue  i s  t he  most f r e q u e n t l y  measured vo l t age .  

( i i i )  when a s u i t a b l e  number o f  impulses have been f i r e d  so t h a t  V50 can 

be determined accura te ly ,  the  v o l t a g e  a t  which t e n  consecu t i ve  

breakdowns occur red  was found. 

Resu l ts  f o r  a  s e r i e s  o f  gases, gaps, and p o l a r i t i e s  a r e  g i v e n  i n  Table 6. 

Some o f  t h e  s a l i e n t  f e a t u r e s  o f  t h e  V50 va lues we have measured 

(see Table 6 ) f o r  ,these gases a re :  

( i )  For a l l  gases t es ted ,  nega t i ve  p o l a r i t y  VS0 va lues  tend  t o  be 

independent o f  gap sepa ra t i on  f o r  l a r g e r  gap va lues.  

( i  i )  P o s i t i v e  p o l a r i t y  VS0 va lues inc rease  approx imate ly  1  i n e a r l y  w i t h  

gap spac ing f o r  the  gaps used . 
( i i i )  I n c r ~ a s i n g  the percentage o f  SF6 i n  N2, increases t he  V w  f o r  the  

N,/SF, m ix tu res  used . 
( v )  The Vlox v o l t a g e  behaves s i m i l a r l y  t o  V S 0  v o l t a g e  ( i  .e., i t  changes 

ve ry  1  i t t l e  w i t h  gap sepa ra t i on  f o r  nega t i ve  p o l a r i t y ,  and inc reases  

l i n e a r l y  w i t h  gap sepa ra t i on  f o r  p o s i t i v e  p o l a r i t y ) .  

S tud ies  o f  t h e  dynamics o f  breakdown a r e  be ing  planned u s i n g  t h e  

new image conve r te r  camera which we have j u s t  r ece i ved  (see Sec t .  I X  on 

Apparatus).  



Table 6. VS0 ,  VNO and Vlox fo r  SFG and SF6/N2 mixtures for  various 
electrode separations, polar i t ies ,  e.lectrode geometries and T ~ / T , ~  

Gas o r  E l e c t r o d e  b c 
Gas M i x t u r e  Separa t ion  V S ~  V N O  v 10 x '11r2a P o l a r i t y  Geometry 

(P ressu re  i n  T o r r )  ( i n c h e s )  (kV)  (kV) (kV) ( ~ s e c )  

SF, (760)  0.250 7.3 - - 20012000 + S-P d 
0.375 10.5 - - 0 0  + to 

0.500 11.5 - 0 0  + I t  

0.625 11.8 - - 11 + o o  

SF, (1520) .  0.250 8.0 9.0 (5-1 1 .2/50 - Pt-P e 
0.375 9.0 - 1 1 . 0 ( 5 )  8, - 11 

0.500 10.7 - 1 1 . 5 ( 5 )  0 0  - o o  

0.625 11.5 - 13.0 (5 )  0 3  - 11 

0.750 12.2 - 12.0 ( 5 )  - 01 

0.875 12.0 12.0 ( 5 )  t o  - It 

SF, ( 1  520) 0.250 8.3  - 8.5 (5) 1.2150 t ~ t - P  
0.375 8.9 - 10.0 (5 )  1, + ( 0  

0.500 10.7 - 1 1 . 5 ( 5 )  10 .I. l o  

0.625 13.5 - 14.5 ( 5 )  + In 

0 .750 15.2 - 16.5 (5 )  0 8  + II 

0.875 17.4 - 18.5 (5 )  I I  + *I 

SF, (2280) 0.250 10.5 - 11.5 ( 5 )  1.2/50 - P t - P  
u.315 12.0 - - - I, 

0.750 12.6 . - 13.0 (5 )  - ,, 
SF, (2280) 0.250 8 . 0  9 .5  ( 5 )  1.2150 + Pt-P 

0.375 10.8 - 12.0 ( 5 )  I t  + 11 

0.500 13.8 1 5 . 0  151 1 0  + 11 , - ,  
0.625 15.8 - 0 9  + 11 

SF6 (608) 0.250 8.0 5.5 8 . 0  1.2150 - Pt-P 
N2 (912)  0.375 9.0 5.5 0,  10.0 I, - 

0.500 8.9  6 .0  10.0 1 1  - ( 1  

0.625 8.8 6.5 11.0 I n  - 4 1  

SF, (912) 0.250 9.5 5.5 11.0 1.2150 - Pt-P 
N, (1368) 0.375 9.5 6.0 11.0 ,I - I, 

0.500 (9.0-11.0) 6.0 12.0 I t  - 11 

0.625 10.4 7 .0  11.5 0 8  - 0 0  

0.750 10.5 7.5 11.5 0, - I t  

SF, (912) 0.250 7.0 6.0 8.0 1.2150 + Pt-P 
N, (1368)  0.375 8.5 6.5 9.5 + l o  

0.500 11.0 7 .0  12.0 + ,, 
SF, (304 0.375 6.0 5.0 6.5 1.2150 + Pt-P 
N, (121;) 0.500 7.5 6 .0  8.5 I# + It - 

0.625 9.2 7.0 10.0 a s  + 
SF6 ( 3 0 4 ) .  0.500 7.9 5.0 10.0 1 - 2 / 5 0  - Pt-P 
N2 (1216) 0.625 7.8 5.5 11.0 ,, - I, 

0.750 6.3 5.5 9.5 0 9  
I, - 

SF6 (608) 0.250 6.0 11.0 1.2150 - Pt-P 
N, (1672) 0.375 : 6.0 10.0 l o  - t o  

0.500 9.0 6.5 10.5 - 
(,I. 625 I1.2 7 .0  10.5 t t  - 
0.750 9.8 7.0 12.0 0 0  ,I - 

SF, (608) 0.250 6. 1 .2/50 + Pt-P 
N, (1672) 0.375 ' i:: 6.; ::; II + 11 

0.500 10.0 7.0 11.0 ,I + 
0.625 11.3 7.5 12.5 I, + 

SF6 (456) 0.250 8.0 5.0 9.5 1.2150 - Pt-P 
N2 (1824) 0.375 8.5 5.5 10.0 ( 1  - 11 

0.500 9.0  6 .0  10.0 ,I - 
0.625 9.2 6.5 11.5 I 

0,  - 
SF, (456) (I. 250 9.0  6.0 11 .O 1.2150 + Pt-P 
N2 (1824) 0.375 10.2 7.0 11.5 I, 

+ .  
I, 

0.500 10.5 8.0 11.5 I, + 
0.625 11.7 8.0 12.5 I 1  t II 

a ~ 1 / T 2  i s  the  r a t i o  o f  t h e  r i s e  t ime over  t h e  decay t ime o f  t h e  impulse. 

b ~ N o  i s  the  l o w e r  1 i m i t  f o r  t e n  consecu t i ve  impulses w i t h  no breakdown. 

'some Vlo, da ta  were taken  o n l y  f i v e  consecu t i ve  t imes; these a re  i n d i c a t e d  by ( 5 ) .  

d~phere -sphere .  

e ~ o i n t - p l a n e .  



V I .  ENVIRONMENTAL EFFECTS STUDIES 

The expanding use o f  d i e l e c t r i c  gases and the  i n t r o d u c t i o n  o f  new 

gases/mixtures t o  meet the  v a r i e d  and m u l t i p l e  needs f o r  h igh  vo l tage 

i n s u l a t i o n ,  demand a  comprehensive study of the environmental  e f f e c t s  o f  

gaseous d i e l e c t r i c s .  Our program i n  t h i s  area can be summarized as i n  

Table 7 . 
Table 7 .  Environmental e f f e c t s  s tud ies  

I n i t i a l  decomposit ion o f  d i e l e c t r i c  under e l e c t r o n  impact 

Decomposition under s t ress ;  l ong  term e l e c t r i c a l  s t r e s s  
t e s t s  (acce le ra ted  ''1 i f e -  tests ' ' )  

Decomposition a f t e r  breakdown 

L i n k i n g  o f  A and C p roduc ts  

T o x i c i t y ,  e t c .  

Assessment; environmental impact o f  wide-spread use o f  
d i e l e c t r i c  .gases ( i n  t h e  f u t u r e )  

A. I n i t i a l  Decomposition o f  the Gas D i e l e c t r i c  Under E lec t ron  Impact 

Low e n e r g y  ($1 2  eV) e l e c t r o n  impact induced f ragmenta t ion  f o r  the  

d ie1  e c t r i c  gases c-C4F6 and 1  ,3-C4F6 has been i n v e s t i g a t e d  employing t ime- 

o f - f l i g h t  mass spectrometry.  Negat ive i o n  fragments have been i d e n t i f i e d ,  

and t h e i r  abundances have been measured as a  f u n c t i o n  o f  e l e c t r o n  energy. 

These r e s u l t s  a re  shown i n  F igs.  12 and 13. 

For t he  c y c l i c  C4F6 the  paren t  i o n  c o n t r i b u t e s  ,89.1% t o  the  t o t a l  i o n  

y i e l d .  For e l e c t r o n  energ ies below one e l e c t r o n  v o l t  no decomposit ion i s  

observed. However, the data f o r  1 ,3-C4F6 i n d i c a t e  t h a t  p r a c t i c a l  ly a l  l o f  t he  

ions  produced i n  the  energy range s tud ied  (0-12 e ~ )  a re  due t o  d i s s o c i a t i v e  

qttachment. For e lec t rons  i n  t he  1-2 eV energy range, 1  $3-C4F6 i s  n o t  



ELECTRON ENEMY (eV) 

F,i;g. 12.  Negative ion in tens i ty  as a functicn of e lec t ron i.rn3act energy f o r  c-C4F6. 
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F ig .  13. Negative -ion i n t e n s i t y  as a func t ion  of e l e c t r o n  impact energy fo r  1 ,3-C4F6 



expected t o  be as s t a b l e  as the  isomers c-C4F6 and 2-C4F6 ( r e f .  5) w i t h  

respec t  t o  decomposit ion by e l e c t r i c a l  breakdown. 

Th is  work, i n  a d d i t i o n  t o  the  r e s u l t s  o f  i n i t i a l  f ragmentat ion o f  

C-C4F8, 2-C4F8, and 2-C4F6 ( r e f .  5 ) ,  completes a systematic study of 

f ragmenta t ion  p a t t e r n s  of p e r f l u o r i n a t e d  four-carbon atom-containing 

(C'I.,) molecules. lo Tabulated summaries are  g iven i n  Tables 8 and 9. Some 

general conclus ions may be drawn from t h i s  work as fo l l ows :  

1. With t h e  except ion  o f  1 ,3-C4F6, p e r f l u o r i n a t e d  Cq mblecules are 

s t a b l e  d i e l e c t r i c s  under e l e c t r o n  bombardment. 

2 .  When f ragmenta t ion  docs occur, p e r f 1  uoi'~irld l ed  C 4  111~1ecules 

p r e f e r e n t i a l l y  c leave a t  s i n g l e  bonds r a t h e r  than a t  t he  mu1 t i p l e  

bonds. 

3. No fragments a re  observed f o r , t h e  c y c l i c  molecules below %2 eV 
/ 

e l e c t r o n  impact energy. 

4. Aside f rom 2-C4F6, F- p roduct ion  i s  most probable i n  the  medium 

e l e c t r o n  energy range ( ~ 4  - 12 eV) . 
5 .  Where fragments are  produced by thermal energy e lec t rons  (non- 

c y c l i c  isomers),  long-term e l e c t r i c a l  s t ress  t e s t s  are h i g h l y  

recommended f o r  those systems and are  planned. 

B. Gaseous D i e l e c t r i c s  Under Pro1 onged E l e c t r i c a l  Stress 

Su'l f u r  hexa f l  uor ide,  s.ubjected t o  e l e c t r i c a l  s t ress  represent ing  

75% breakdown vo l tage  a t  a pressure o f  ~3 atm, was tes ted  f o r  dura t ions  

o f  6 and 9 days. No decomposit ion products cou ld  be observed. Tests f o r  

much l onger  dura t ions  a t  50% breakdown vol tages are  c u r r e n t l y  i n  progress. 

A d d i t i o n a l  t e s t s  i n v o l v i n g  e levated temperatures and i r r a d i a t i o n  o f  the  

s t ressed gas by u l t r a v i o l e t  (UV) l i g h t  are being i n i t i a t e d .  



Table 8 . Positions of resonance maxima in the fragmentation of 

perf1 uorinated C 4  molecules by d i rec t  electron impact 

a~ong- l  ived metastable i n  the case of 2-C4F8. 



Table 9 Relative .negative ion integrated intensi ty  in the 
0-12 eV energy range for  perf1 uorinated Cq molecules 

a~ong- l ived  metastable in the case of 2-C4F8 



C. Decomposition o f  Gas D i e l e c t r i c s  

Analyses o f  breakdown products from c y c l i c  C4F8 us ing  gas chromato- 

graph/mass spectrometer (GC/MS) techniques revea l  t h a t  o n l y  the product  

C2F4 i s  produced. These experiments were done f o r  energy i npu ts  o f  %5 

and 20 j ou les  per  breakdown w i t h  the number o f  breakdowns ranging from 

750 t o  3000. P re l im ina ry  s tud ies  i n d i c a t e d  t h a t  a t  h igher  energy i npu ts  and 

h igher  concentrat ions o f  C2F4 the  reac t i on1 ' - l  C2F4 + C2F4 +- c-CqF8 may 

be a  l i k e l y  process. A  g rea t  deal more work i s  requ i red  s ince  i t  i s  known 

t h a t  even a t  room temperatures t h i s  d imer i za t i on  process i s  poss ib le .  .Th is  

means t h a t  proper c o n t r o l  of the  t ime between- breakdown and ana lys i s  i s  

essen t i a l .  

Cer ta in  mix tures  o f  SF6 w i t h  per f luorocarbons have been found t o  

i n h i b i t  carbon format ion on e lec t rode  surfaces. Table 10 shows the  

observat ions o f  s o l i d  deposi ts  f o r  va ry ing  concentrat ions o f  SF6. Analyses 

o f  gaseous products are c u r r e n t l y  i n  progress i n  o rde r  t o  c o r r e l a t e  the 

disappearance o f  s o l i d  res idue w i t h  p roduct ion  o f  carbon-conta in ing gaseous 

products.' 

Table 10. Observations of s o l i d  deposi,ts f o r  va ry ing  amounts o f  SF6 f o r  

SF6/2-C4F6 III i x l u r e s  d 1 .L;utal pressures o f  1000 t o r r  

E.1 ect rode depos i t  
- 

100 0  b lack  (C, F )  

80 20 b lack  - very l i t t l e  on chamber w a l l s  

6 0  4  0  small amount o f  b lack  around spark p o i n t  
surrounded by wh i te -ye l low depos i t  

40 6 0  t r a c e  of b lack,  t r a c e  o f  wh i te -ye l low 
2  0  80 no b lack  - t r a c e  o f  wh i te -ye l low depos i t  



D. Linking A t o  C (From In i t ia l  Decomposition to  Final Products) 

A complete picture of the processes which resu l t  in the formation of 

f inal  decomposition products of sparked d ie l ec t r i c  gases requires the 

experimental ident i f ica t ion  of short-1 ived products (ions and/or radicals) 

which l ink the i n i t i a l  products to  the final s table  products. These 

precursors may be detected and identified by-attaching a quadrupole mass 

spectrometer to  a discharge cel l  separated by a pinhole o r i f i ce  large 

enough to transmit ions and radicals of suf f ic ien t  intensi ty ,  b u t  small 

enough ' to  maintain a pressure different ial  corresponding' to P % t o r r  

in the mass spectrometer. This atmospheric pressure quadrupole mass 

spectrometer i s  currently being bui l t .  I t  can be applied to  the detection 

of intermediate products from corona, continuous arcing, and high voltage 

s t r e s s  as well as from high voltage breakdowns. By discovering the reaction 

pathways tha t  lead from i n i t i a l  decomposition to  final s table  products, 

there ex i s t s  the potential fo r  designing and tailoring'  a gas insulating 

system fo r  such purposes as inhibiting toxic products, carbon deposits, or 

corrosi ve products. 

E. Toxicity Tests 

Inhalation t e s t s  of 2-C,F8 on mice have been performed by Dr. H.  

Witschi of the ORNL Biology Division. A complete report of these t e s t s  

i s  attached as Appendix D.. No i l l  effects  were observed for  8-hr 

exposures a t  a concentration of 1000-ppm in a i r ;  however, a l l  of the mice 

died following the 24-.hr expos.ure t e s t s  a t  the same concentration of 

2-C,F8 in a i r .  



V I T .  APPLIED STUDIES 

Small scale, p r a c t i c a l  cond i t i ons  t e s t i n g  o f  the gases SF6, C-CqF8 

( p e r f l  uorocyclobutane) , 2-C4F8 ( p e r f l  uorobutene-2), and 2-C4F6 ( p e r f l  uoro- 

2-butyne) , and t h e i r  b ina ry  mix tures  w i t h  N2 have cont inued i n  c y l  i n d r i c a l  

geometry. The apparatus has been described i n  d e t a i l  i n  an e a r l i e r  repor t .4  

I n  t h i s  per iod,  t e s t s  o f  the b ina ry  mix tures  have been completed f o r  the 

remaining cases o f  three d i f f e r e n t  smooth, uncontaminated i nnd r  e lec t rodes 

of s tmain less s t e e l ,  w i t h  the  except ion o f  a  few p o i n t s  f o r  2-C4F6/N7 a t  

the h ighes t  vo l tages.  Also, t e s t s  have been made f o r  the e f f e c t s  o f  i nne r  

e lec t rode  sur face roughness, e f f e c t s  o f  i nne r  e lec t rode  ma te r ia l  composi- 

t i o n ,  and e f f e c t s  o f  i n t e r e l e c t r o d e  p a r t i c l e  contaminat ion. A l l  t e s t s  

were made a t  1-atm t o t a l  pressure and ambient temperature ( ~ 2 1  OC). 

The new 300-kV De l ta  Ray power supply f o r  the  app l i ed  s tud ies  has 

been rece ived and operated. A new chamber has been under cons t ruc t i on  t o  

rep lace the one now i n  use and t o  increase pressure c a p a b i l i t y  from 1  t o  

10 atm. This  chamber i s  near complet ion and, a f t e r  c a r e f u l  t e s t i n g ,  w i l l  

be i n s t a l l e d  w i t h  the new power supply. 

A. Breakdown Tests w i t h  Smooth Cyl inders 

The 1-atm t e s t s  o f  t he  f o u r  e l e c t r o n  a t tach ing  gases and t h e i r  

b ina ry  mix tures  w i t h  N2 are p r a c t i c a l l y  complete , except f o r  the h ighes t  

vo l tages w i t h  2-C,F6/N, mixtures.  Tests f o r  the  o the r  th ree  gases 

have been p rev ious l y   reported,'+^^ and those f o r  2-C4F6/N2 are presented 

i n  FIg. 14. The e r r o r  bars i n d i c a t e  combined systematic and random 

e r r o r s ,  the l a t t e r . ( 5 3 % )  being standard d e v i a t i o n  d i v ided  by mean o f  a t  
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F ig .  14. Breakdown v o l  tages i n  t h r e e  c y l  i n d r i c a l  geometr ies f o r  
2-C4F6 ( h e x a f l  uoro-2-butyne)/N2 m ix tu res  a t  1 atm and . ~ 2 1  "C. Mix tu res  
a r e  i d e n t i f i e d  by the  percentage of  2-C4F6 by pressure.  The un i f o rm  
f i e l d  breakdown cu rve  has been norma l i zed  t o  each p o i n t  f o r  pure  N2 
w i t h  nega t i ve  p o l a r i t y .  



l e a s t  10 measurements. Based on experience w i t h  o t h e r  f luorocarbon/N2 

mix tu res  i n  c y l  i n d r i c a l  geometry as we1 1  as w i t h  2-C4F6/N2 m ix tu res  i n  

un i fo rm f i e l d s ,  i t  i s  expected t h a t  t he  experimental  p o i n t s  i n  F ig .  14 f o r  

2-C4F6/N2 > 40% w i l l  cont inue t o  f o l l o w  a  s t r a i g h t  1  i n e  f a i r l y  c l o s e l y  when 

they are  taken i n  the f u t u r e .  Therefore, 2-C4F6/N2 m ix tu res  remain 

supe r io r  t o  SF6/N2 i n  c y l i n d r i c a l  geometry, and the  former do n o t  show the  

s a t u r a t i o n  c h a r a c t e r i s t i c  o f  the  l a t t e r .  

A t y p i c a l  comparison o f  t he  f o u r  ( a t t a c h i n g  gas)/N2 m ix tu res  f o r  

smooth, uncontaminated s t a i n l e s s  ' s tee l  e lec t rodes  i s  g iven i n  F ig .  15 f o r  

the  i n n e r  e lec t rode  rad ius  o f  0.4 cm. ( S i m i l a r  r e s u l t s  were obta ined f o r  

the o t h e r  two r a d i i ) .  As SF6 i s  s u b s t i t u t e d  f o r  N2, the  breakdown vo l t age  

r i s e s  a t  f i r s t ,  b u t  then f u r t h e r  s u b s t i t u t i o n  p rov ides  r e l a t i v e l y  l i t t l e  

improvement even though the  s t r e n g t h  o f  SF6 i s  g e n e r a l l y  taken t o  be 

approx imate ly  2.5 t imes t h a t  o f  N2;. t h i s  i s  t he  s a t u r a t i o n  e f f e c t .  As 

each f luorocarbon i s  i n c r e a s i n g l y  s u b s t i t u t e d  f o r  N2, however, breakdown 

s t r e n g t h  improves i n  an approx imate ly  1  i n e a r  mode. Th is  d i f f e r e n c e  has 

a l ready  been a t t r i b u t e d  t o  t he  f a c t  t h a t  e l e c t r o n  attachment by SF6 i s  

qu i  t e  s t rong  b u t  1  i m i  t e d  t o  a  narrow (1  ow) energy range, whi 1  e  the  o t h e r  

a t t a c h i n g  gases capture e lec t rons  over  a  wi'der energy range. l 5  If the 

r e s u l t s  f o r  t he  o t h e r  two i nne r  r a d i i  a re  a l s o  examined, one f i n d s  t h a t  f o r  

t he  c-C4F8/NZ mix tu res  the  breakdown s t r e n g t h  ' ( vs  percentage i n  ~ 2 )  crosses 

t h a t  f o r  SF6/N2 mi'xtures a t  va lues of 66%, 42%, and 28% f o r  respec t i ve  

i n n e r  r a d i i  o f  1.4 cm, 0.75 cm, and 0.4 cm, corresponding t o  i nc reas ing  

f i e 1  d  inhomogenei ty i n  t h a t  order .  The 2-C;F8/~, mix tu res  breakdown s t r e n g t h  

(vs percentage i n  N2) crosses t h a t  f o r  SF6 mix tu res  a t  va lues 'o f  51%,.17%, 

and 0% f o r  respec t i ve  i n n e r  r a d i i  o f  1.4 cm, 0.75 cm, and 0.4 cm, again 
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F i g .  15. Breakdown vol tages o f  a l l  a t t ach ing  gas/N2 b ina ry  mix tures  
s tud ied ,  w i t h  negat ive  p o l a r i t y  on the  0.4-cm-radius i nne r  c y l i n d r i c a l  
e lec t rode  a t  1  atm and %21°C. Mixtures are i d e n t i f i e d  by the  
.percentage o f  a t t a c h i n g  gas by pressure. (The 2-C4F6/N2 curve has been 

' e x t r a p o l a t e d  f o r  t he  percentage o f  2-C4F6 > 40%.) 



corresponding t o  increas ing  f i e l d  inhomogenei ty i n  t h a t  order .  Therefore, 

both c-C4F, and 2-C4F8 surpas~s SF6 as  a suhs t t tu te .  f o r  N2 more. q u i c k l y  as 

the f i e l d  i s  made more nonuniform, i'ndi'cati:ng a b e t t e r  to le rance t o  non- 

un i fo rm f i e l d s  f o r  the f l  uorocarbon/N2 mfxtures.  

B. Breakdown Tests w i t h  Rough Cyl inders 

The e f f e c t s  o f  i nne r  e lec t rode  sur face roughness are  shown i n  Figs. 

16 through 19 f o r  two degrees o f  roughness on the 0.75-cm-.radius i nne r  

s t a i n l e s s  s t e e l  e lect rode,  f o r  comparison w i t h  the case o f  the  smooth 

e l  ectrode. The e r r o r  bars i n d i c a t e  combined systematic and random e r r o r s ,  

the l a t t e r  (13%) being standard d e v i a t i o n  d i v i d e d  by mean f o r  a t  l e a s t  

10 breakdowns. For these t e s t s  two 0.75-cm-radius e lec t rodes were grooved 

over a 2- in .  l e n g t h  i n  the c e n t r a l  i n t e r e l e c t r o d e  reg ion ;  one had 

s p i r a l  1  i n g  grooves o f  0.004-in. depth, and the  o the r  had s p i r a l  1  i n g  grooves 

of 0.020-in. depth. I n  both cases there  were '28 threads per  i n c h  o f  

t r i a n g u l a r  cross sec t ion .  The r e s u l t s  show t h a t  each f luorocarbon i s  

s t i l l  super io r  t o  SF, i n  the  face o f  roughness. Comparisons between the  

smooth e lec t rode  case and each o f  the rough cases i n d i c a t e  t h a t  a m ix tu re  

. . 
o f  approximately 5% a t tach fng  gas/ 95% N2 i s  l e a s t  s e n s i t i v e  t o  roughness 

and may, i:n fact ,  be almost completely t o l e r a n t  o f  .roughness. Since 

roughness g ives  a much g rea te r  degree o f  f i e l d  nonuni formi ty  than does 

the cuvvature of an e lec t rode,  t h e  i o n i z a t i o n  cross sect tons cou ld  p l a y  

a ro le .  fn '  roughness e f f e c t s ,  though the,y a re  i n s t g n f f  f c a n t  i n  prev ious 

studfes o f  l e s s  nonuniform f i e l d s  (see Sect. I1 and Appendix B) .  
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Fig. 16. Breakdown .voltages' f o r  the  four .attaching gas/N2 binary 
mixtures f o r  inner e lec t rode roughness of 0.004 in.  and pos i t ive  po la r i ty  
a t  1 atm and %21."C. Mi'xtures a re  identifi 'ed by the  percentage of 
a t taching gas by pressure. 
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Fig .  17. Breakdown vol tages f o r  t he  f o u r  a t t a c h i n g  gas/N2 b i n a r y  
mix tu res  f o r  i n n e r  e lec t rode  roughness o f  0.004 i n .  and negat ive  p o l a r i t y  
a t  1 atm and %21 OC. Mi'xtures a re  i den t i f i ' ed  by the  percentage o f  a t t ach -  
i n g  gas by pressure. 
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Fig. 18. Breakdown voltages for  the four attaching gas/N2 binary 
mixtures f o r  inner electrode roughness of 0.020 in. and positive polarity 
a t  1 atm and a21°C. MiXtures are identified by the percentage of attach- 
ing gas by pressure. 
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Fig. 19. Breakdown voltages for  the four attaching gas/N, binary 
mixtures fo r  inner electrode roughness of 0.020 i n .  and negative polarity 
a t  1 atm and ~ 2 1 ° C .  Mixtures are  identified by the percentage of attach- 
i n g  gas by pressure. 
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C. Breakdown Tests w i t h  Cyl i nders o f  D i f f e r e n t  Mater i  a1 Composit ion 

The e f f e c t s  o f  i n n e r  e lec t rode  ma te r ia l  composit ion have been sought 

by performing b.reakdown measurements f o r  a1 1  four  ( a t t a c h i n g  gas)/N2 

m ix tu res  w i t h  each o f  th ree  d i f f e r e n t  1.4-cm-radius e lec t rodes : one o f  

s t a i n l e s s  s t e e l  , one o f  aluminum, and one o f  copper. The r e s u l t s ,  shown 

i n  Table 11, i n d i c a t e  no g r e a t  e f f e c t  o f  ma te r i a l  composit ion. The 

v a r i a t i o n s  w i t h  m a t e r i a l  can perhaps be expla ined by the combined system- 

a t i c  and random e r r o r ,  and any m a t e r i a l  e f fec ts  seem t o  be too  s l i g h t  t o  

be o f  importance i n  p r a c t i c a l  systems. 

D. Breakdown Tests w i t h  Cy l inders  and P a r t i c l e  Contamination 

The e f f e c t s  o f  contaminat ion by p a r t i c l e s  were a l so  s tud ied  t h i s  

pe r iod .  Since i t  has been found t h a t  conduct ing pa . r t i c l es  of  long s lender 

shape a r e  most troublesome, several  p a r t i c l e s  o f  t h a t  d e s c r i p t i o n  were 

p laced i n  t he  c e n t r a l  i n t e r e l e c t r o d e  reg ion  w i t h  the smooth, 0.75-cm- 

r a d i u s  s t a i n l e s s  s t e e l  i nne r  e lec t rode.  Several types o f  p a r t i c l e s  were 

t r i e d ,  i n c l u d i n g  w i res  o f  s t e e l ,  aluminum, and copper. We found any 

d iameter  des i red  cou ld  be obta ined by a c i d  e tch ing .  To prevent  p a r t i c l e s  

f rom escaping a t  the  open c y l i n d e r  ends, we t r i e d  two methods: t e t h e r i n g  

p a r t i c l e s  on a  0.007-in.-diam nylon l i n e ,  and b lock ing  the  o,pen 

c y l  i n d e r  ends. A complete se t  of data was taken us ing  f r e e  copper w i r e  

p a r t i c l e s  0.125 x  0.015-in. diam, w i t h  the  ends o f  the  small 

diameter  p o r t i o n  o f  the  ou te r  c y l i n d e r  blocked by Lexan d i scs  w i t h  holes 

f o r  t he  i n n e r  e lec t rode.  The o r i g i n a l  P l e x i g l a s  d i scs  a t  the large 

diameter  p o r t i o n  o f  the  ou te r  c y l i n d e r  remained t o  accu ra te l y  f i x  the 

r e l a t i v e  p o s i t i o n  o f  the  two e lec t rodes.  

The copper w i r e  p a r t i c l e s  e x h i b i t e d  the  bouncing and hover ing modes 



Table 11. Observed percentage of variation of breakdown vol tage with other material s , compared to 
s ta inless  s teel  , for  1 .4-cmrradius electrodes. (Random error:  '3%; systematic error  f 5%) 

Percentage i n  N 2  

Gas Electrode Pol a r i  t y  0 5 . 10 20 40 6 0 80 100 



repo r ted  by o thers .  As the  vo l tage was r a i s e d  s low ly  from zero the 

p a r t i c l e s  would a b r u p t l y  leave the  bottom i n s i d e  sur face o f  the o u t e r  

c y l i n d e r  and bounce between the e lec t rodes.  I f  the vo l tage was r a i s e d  

f u r t h e r  and breakdown d i d  n o t  occur f i r s t ,  the p a r t i c l e  behavior would 

e v e n t u a l l y  change t o  a  hover ing motion ba re l y  off o f  the  negat ive  e lec t rode  

and perpend icu la r  t o  i t s  surface. This  bouncing began a t  17.0 f 1.5 kV 

as vo l tage  was r a i s e d  from zero and ceased a t  7.0 f 1.5 kV as the vo l tage 

was lowered, independent o f  the gas. Hovering i n c e p t i o n  and breakdown v o l t -  

ages were dependent on the gas. The p a r t i c l e s  were watched c l o s e l y  du r ing  

t e s t s  t o  a l l o w  r e j e c t i o n  o f  any breakdown data due t o  sparks caused by two 

o r  more a l i g n e d  p a r t i c l e s  o r  by p a r t i c l e s  c l i n g i n g  t o  the i n s u l a t o r  d iscs .  

I f  a  p a r t i c l e  s t u c k  t o  an i n s ~ r l a t . o r  no more da ta  were talccn u n t i l  i t  was 

f r e e d  by the  o t h e r  (bouncing) p a r t i c l e s .  

The breakdown vo l tages  under t h i s  p a r t i c l e  contaminat ion are shown 

i n  F igs .  20 and 2 1 f o r  each o f  the f o u r  mix tures  s tud ied  t h i s  per iod .  The 

e r r o r  bars i n d i c a t e  combined systematic and random e r r o r s ;  the  l a t t e r  (55%) 

was de f i ned  as standard d e v i a t i o n  d i v i d e d  by the  mean f o r  a t  l e a s t  f i v e  

measurements. Although t h i s  p a r t i c l e  contaminat ion lowered the  breakdown 

vo l tages  o f  a l l  m ix tu res  s i g n i f i c a n t l y ,  t h e  mix tures  con ta in ing  f l u o r o -  

carbons remained super io r  t o  those con ta in ing  SF6 by approximately 

the  same r a t i o s  as obta ined w i thou t  p a r t i c l e  contaminat ion. 

S i m i l a r  s tud ies  i n  c y l i n d r i c a l  geometry are under way f o r  argon 

m ix tu res  w i t h  f luorocarbons and w i t h  SF6, as we l l  as f o r  CF4 mix tures  w i t h  

f l  uorocarbons and w i t h  SF6. 
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INNER RADIUS 0.75cm 
INNER CYLINDER POSITIVE 
5 COPPER PARTICLES 0.125 x 0.015 in. 
TOTAL PRESSURE 760 Torr h 

PERCENT IN N2 

Fig.  20. Breakdown v o l  tages f o r  the  four  a t tac t i lng  gas /N b i n a r y  mi.xtures wi th ,  contaminat ing 
f ree w i r e  p a r t i c l e s  a t  p o s i t l v e  p o l a r i t y ,  1 atm, and 221 "C. Mix tures  a re  i d e n t i f i e d  by the  percentage 
of a t t a c h i n g  gas by pressure. 
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INNER RADIUS 0.75 cm 
INNIER CYLINDER NEGATIVE 
5 COPPER PARTICLES 0.425 x 0.015 in. 
TOTAL PRESSURE 760 Torr 
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F ig .  E l .  Breakdown vo l t ages  f o r  t he  f o u r  a t t a c h i n g  gas/N7 binar.y m i x t u r e s . w i t h  con tamina t ing  
f r e e  w i r e  p a r t i c l e s  a t  nega t i ve  p o l a r i t y ,  1 atm, and %21 "C. Yixtu-es a r e  i d e n t i f i e d  by t h e  percentage 
o f  a t t a c h i n g  gas by pressure.  



V I I I .  ON LIQUID DIELECTRICS 

The behavior o f  i n s u l a t i n g  d i e l e c t r i c  l i q u i d s  under e l e c t r i c  s t ress  

i s  o f  considerable engineer ing importance because these l i q u i d s  are  

commonly used i n  t ransformers,  capac i to rs ,  and o the r  power system apparatus. 

Although such l i q u i d s  have been under i n v e s t i g a t i o n  f o r  many years, 

know.1edge o f  t h e i r  behavior has been gained l a r g e l y  by emp i r i ca l  means 

w i thou t  the  b e n e f i t  o f  systematic s tud ies  based on we1 1 -developed theo r ies .  

Therefore, a stud.y o f  1 i q u i d  d ie1  e c t r i c s  u t i  1  i z i n g  fundamental physico- 

chemical know1 edge and h i g h l y  r e f i n e d  experimental  techniques has begun 

dur ing  t h i s  p e r i o d  as a na tu ra l  extension o f  work a l ready  i n  progress a t  

ORNL on gaseous d i e l e c t r i c s .  

I n  rev iewing the l i t e r a t u r e  on 1 i q u i d  d i e l e c t r i c s ,  i t  became ev ident  

t h a t  a l though a considerable degree o f  understanding has been achieved f o r  

s o l i d s  under e l e c t r i c a l  s t ress ,  the s i t u a t i o n  i s  f a r  from s a t i s f a c t o r y  f o r  

1 i q u i d  d i e l e c t r i c s .  This stems p r i n c i p a l l y  from the d i f f i c u l t i e s  encoun- 

te red  i n  observ ing the  behavior j u s t  before, dur ing,  and a f t e r  e l e c t r i c  

breakdown and the f a i l u r e  o f  many i n v e s t i g a t o r s  t o  exerc ise  p rec i se  

s c i e n t i f i c  c o n t r o l  o f  t h e i r  experiments. Observat ion o f  the breakdown 

phenomenon i n  l i q u i d s  i s  d i f f i c u l t  because o f  i t s  u l t r a f a s t  t r a n s i e n t  

nature, b u t  r e c e n t l y  l a s e r  sch l i e ren  techniques have prov ided photographic 

r e s u l t s  which may l ead  t o  a b e t t e r  understanding o f  the process. ( I t  i s  

a n t i c i p a t e d  t h a t  the image conver te r  camera we acquired w i l l  p rov ide  

valuable in fo rmat ion  i n  t h i s  regard.) Also, e lect romagnet ic  r a d i a t i o n  

which i s  produced du r ing  breakdown can i n t e r f e r e  w i t h  the  measurements, 

b u t  t h i s  can be overcome w i t h  proper  sh ie ld ing .  

The most pronounced e f f e c t  on the d i e l e c t r i c  s t reng th  of l i q u i d s  



i s  t he  presence o f  i m p u r i t i e s .  For example, bubbles o f  gas, formed between 

the  e lec t rodes e i t h e r  by decomposit ion o f  the l i q u i d  o r  from i n s u f f i c i e n t  

degassing o f  the  l i q u i d  and e lec t rodes,  pe rm i t  breakdown s ince they have 

a breakdown s t r e n g t h  lower than t h a t  o f  the  l i q u i d  i t s e l f .  Also, g lobules 

o f  water,  caused by mo is tu re  condensation o r  i n s u f f i c i e n t  p u r i f i c a t i o n ,  

become uns tab le  i n  t he  e l e c t r i c  f i e l d  and enable a low-res is tance br idge 

t o  be s e t  up between the  e lec t rodes.  Conducting p a r t i c l e s  which have not. 

been removed by the p u r i f i c a t i o n  system can g i v e  r i s e  t o  l o c a l  enhance- 

ment o f  the  e l e c t r i c  f i e l d  which may exceed c r i t i c a l  values l o c a l l y  such 

t h a t  t o t a l  breakdown occurs. 

Therefore, r e l i a b l e  da ta  on l i q u i d  d i e l e c t r i c s  under s t ress  can be 

obta ined o n l y  be e x e r c i s i n g  g rea t  care i n  experimental  technique. Hence, 

an e labo ra te  p u r i f i c a t i o n  system was designed t o  a t t a i n  a h igh  degree o f  

p u r i t y  o f  the  l i q u i d  under t e s t .  F igure  22 shows a b lock  diagram o f  t h i s  

system.? The Si-Gel t r a p  i s  heated t o  300°C and the  a c t i v a t e d  charcoal 

t r a p  t o  400°C f o r  48 h r  w h i l e  being evacuated t o  the t o r r  scale. 

The r e s t  o f  the system i s  heated t o  150°C and pumped t o  1 x t o r r  

f o r  48 h r .  The temperature i s  then reduced t o  50°C, and the vacuum 

system l i q u i d  n i t r o g e n  t r a p  i s  f i l l e d ,  reducing the  pressure t o  2 x 

t o r r  before i n t r o d u c t i o n  o f  the sample. The sample i n  f l a s k  No. 1 i s  then 

passed through t h e  Si-Gel and a c t i v a t e d  charcoal columns, which are a t  

room temperature, i 'n to the freeze-pump-thaw chamber by p l a c i n g  an i c e  

ba th  around the chamber. The i nne r  c y l i n d e r  i n  t h i s  chamber i s  cooled by 

l i q u i d  n i t rogen,  and the  sample i's opened t o  the  vacuum system, degassing 

'we a r e  g r a t e f u l  t o  J. G. Ca r te r  f o r  the  design, b u i l d i n g ,  and t e s t i n g  o f  

t h i s  system. 
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Fig .  22. P u r i f i c a t i o n  system f o r  1 i q u i d  d i e l e c t r i c  - s t ud ies .  
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t h e  l i q u i d .  A f te r  2 h r  o f  t h i s  procedure the sarnple i s  t rans fer red  

t o  the  NaK a l l o y  chamber and s t i r r e d  w i t h  50 m l  o f  the  a l l o y  f o r  24 h r .  

The f i n a l  s tep cons i s t s  of t r a n s f e r r i n g  the sample i n t o  the r e s e r v o i r  

v i a  the  i c e  ba th  technique. The appropr ia te  amount i s  then t r a n s f e r r e d  

t o  the  t e s t  c e l l .  This  e n t i r e  procedure has been u t i l i z e d  i n  bas ic  s tud ies  

and has, through experience, been found t o  be an e f f e c t i v e  means 

nf  p ~ ~ r i f i c a t i o n  o f  l i q u i d s .  

Design o f  t h e  t e s t  c e l l  f o r  s tudy ing  e l e c t r i c  breakdown i n  l i q u i d  

d i e l e c t r i c s  requ i red  care fu l  cons idera t ion  o f  the experimental  gnalz m d  

c o n s t r a i n t s .  Tes t  c e l l s  a re  u s u a l l y  small (< I00  m l  ) i n  o rder  t o  economize 

i n  the  use of l i q u i d s  and must pe rm i t  accurate e lec t rode  separa t ion  o f  

200 ~_lm o r  less .  R i g f d  mechanical c o n t r o l  can be obta ined us ing  a  metal 

chamber, b u t  photographic observa t ion  of breakdown i s  n o t  poss ib le .  

f u t u r e  s tud ies  of  corona would n o t  be feas ib le  if the s ides o f  the  chamber 

a r e  too  near the e lec t rodes.  

Hence, the t e s t  c e l l  i n  F ig .  23 was designed t o  a l l o w  accurate 

e l e c t r o d e  separa t ion  and v i s u a l  observat ion.  The lower e lec t rode  i s  f i x e d  

w h i l e  the  upper e lec t rode  i s  ad jus tab le  through a  25-mm range w i t h  an 

accuracy of 0.001 mm. The center  p o r t i o n  o f  the  c e l l  i s  quar tz ,  which 

a l l ows  u n r e s t r i c t e d  observa t ion  of breakdown w i thou t  f i l t e r i n g  o f  u l t r a -  

v i o l e t ' l i g h t .  The toroi 'd pos i t i oned  a t  the  lower e lec t rode  p r o t r u d i n g  

t h r ~ u g h  the  g lass c e l l  s h i e l d s '  t he  r e s u l t i n g  E - f i e l d  t o  p revent  break- 

down from occu r r i ng  i n  a i r  ou ts ide  the t e s t  c e l l .  The l i q u i d  volume i s  

t y p i c a l l y  30 m l  ( w i t h  the t e s t  c e l l  f i l l e d  t o  a  l e v e l  15 mm above the top 

e l e c t r o d e )  . 
Fabr i ca t i on  o f  t he  p u r i f i c a t i o n  system and the  t e s t  c e l l  were 
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completed during t h i s  reporting period. A Sorensen 120 kV dc power 

supply will become available for  these studies. An electronic controller 

(1 ike those on our other apparatuses) i s  being fabricated to automatically 

apply vol tage t o  the el ectrodes. 

The en t i r e  apparatus i s  in the f inal  stages of tes t ing and measurements 

on the d ie l ec t r i c  strengths of l iquids will commence in the very near future.  



IX. APPARATUS 

The Imacon 790 image converter camera has been received and tes ted  

successfully.  I t  wi l l  provide 16 consecutive frames a t  r a t e s  of lo6 

frames per second and 20 x 106 frames per second. Events somewhat f a s t e r  

than 10-9 sec  can be resolved using the s t reak.  mode, in which one 

dimension i s  collapsed t o  a l i n e  and the other  dimension i s  swept w i t h  

time. I n i t i a l  plans f o r  the camera include a return t o  our e a r l i e r  . 

d ive r t e r  s tud ies .  l 4  

The atmospheric pressure quadrupole mass spectrometer has been ordered 

from Extranuclear Laboratories, 1-nc. Del ivery is ant ic ipated i n  January, 

1979. I t  i s  intended t o  mass-analyze neutra ls  and ions of e i t h e r  po la r i ty  

t h a t  leave a gas c e l l  operating a t  pressures on the order of 1 atm,. 

The apparatus cons i s t s  of an ultrahigh vacuum system w i t h  f a s t  turbo- 

molecular pumps, pinhole o r i f i c e ,  quadrupole mass spectrometer and elec- 

t r on i c s ,  and an e lect ron mul t ip l i e r .  

The var iable  temperature experiment high voltage. cable has been 

i r rad ia ted  with gamma rays. along 1.5 f t  a t  one end, a t  the ORNL high 

f lux isotope reactor .  The resu l t ing  crossl inking of the  polyeth.ylene 

should r a i s e  the melting point  so t h a t  temperatures 1 150°C can be 

a t t a ined .  This was accomplished by seal ing the  cable i n  an aluminum tube,  

which was lowered in to  the reactor  pool such t h a t  the lower 1.5 f t .  

reached the radia t ion zone. .A cooling co i l  has a l so  been i n s t a l l ed  

around the ex t e r i o r  of the high voltage chamber feedthrough. For low- 

temperature work i t  was necessary t o  develop local ized heating of the 0- 

r ing seal of the high voltage chamber feedthrough, providing a .leakproof 



seal a t  - 2 5 O C  with a pressure corresponding to  5 atm, a t  room temperature. 

A 400 kV, 4kJ impulse generator has been ordered from Haefely. 

A t rans ien t  waveform d ig i t i ze r  has been ordered from Tektronix to  bet ter  

view the impu1,se breakdown waveform. A new dig i ta l  voltmeter has been 

ordered. 

The new-high pressure chamber fo r  practical studies i s  near completion 

and will soon be ready fo r  pressure t e s t s .  A new Wallace and Tiernan 

pressure gauge has been received for  i t .  



X. PUBLICATIONS AND CONTACTS 

A. Publ i c a t i o n s  

1 . L. G. Ch r i s  tophorou ( e d i t o r ) ,  Gaseous Dielectrics (Proceedings of the 

International Synposiwn on Gaseous Dielectrics, Knoxville, Tennessee, 

Mar. 6-8, 1978) CONF-780301 (May 1978). 

2. D. R. James, L. G. Chr is tophorou,  R. Y. Pa i ,  M. 0. Pace, R. A. Math is ,  

I. Sauers, C. C. Chan, " D i e l e c t r i c  S t reng ths  o f  New Gases and Gas 

Mix tu res , "  Gaseous Dielectrics (Proceedings of the InternationaZ 

Symposiwn on Gaseous Dielectrics, Knoxville, Tennessee, Mar. 6-8, 

1978) CONF-,780301 (May 1978) , pp. 224-257. 

3. R. Y.  Pa i ,  T. F. G a r r i t y ,  "Bas ic  D iscuss ion  Panel Summary," Gaseous 

Dielectrics (Proceedings of the International Symposiwn on Gaseous 

Dielectrics, KnoxviZZe, Tennessee, Mar. 6-8, 1978) CONF-780301 

(May 1978), pp. 41 4-427. 

4. M. 0. Pace, V .  H. T a h i l i a n i ,  "App l i ed  D iscuss ion  Panel Summary," 

Gaseous Dielectrics (Proceedings of the International Symposiwn on 

Gaseous Dielectrics, Knoxville, Tennessee, Mar. 6-8, 1.978) CONF- 

780301 (May 1978), pp.  428-446. 

5. L. G. Chr is tophorou,  "The Use o f  Bas ic  Phys ica l  Data i n  t he  Deslgn o f  

Mu1 t icomponent Gaseous I n s u l a t o r s  , "  as Discharges (Proceedings of the 

5th International Conference on Gas Discharges, September 11-1 4, 19 78, 

Liverpool, United Kingdom) IEE Conference Publ i c a t i o n  Number 165 (1  978). 

6. M. 0. Pace, C. C. Chan, L. G. Chr is tophorou,  " A p p l i c a t i o n  o f  Bas ic  

Gas Research t o  P r a c t i c a l  Systems," 7th IEEE/PES Conference and 

Exposition on Overhead and Underground Transmission and Distribution, 



A p r i l  2-6,  1979, Atlanta, Georgia (accepted--see Appendix E )  

A. A. Chr is todou l ides ,  L. G. Christophorou, R. Y .  Pai, C. M. Tung, 

"E lec t ron  Attachment t o  Per f luorocarbon Compounds: P a r t  I: C-C4F6 

2-C4F6, 1 ,3-C4F6, C-C4F8, and 2-C4F8I1 (accepted f o r  p u b l i c a t i o n  i n  the 

JournaZ of ChemicaZ Physics. 

R. Y .  Pai, L. G. Christophorou, A. A. Chr is todou l ides ,  "E lec t ron  

Attachment t o  Per f luorocarbon Compounds: P a r t  11: C-CsF8, C-C6FI0, 

C--CbF12, Cs1rO, and C8Fl6' Relevance l o  Gdseuus D l r l e c t r l c s "  (accepted 

f o r  pub1 i c a t i o n  i n  t he  J o m l  of Chemical Physics. 

L. G .  Christophorou, D. R. James, R. A. Mathis,  "On the  Role o f  the  

E l e c t r o n  Impact I o n i z a t i o n  Cross Sect ion i n  the Breakdown Strength 

of D i e l e c t r i c  Gases" (submit ted t o  JoumaZ of Physics D: Applied 

Physics; see Appendix B).  

A. A. Chr is todou l ides ,  L. G. Christophorou, "E lec t ron  Attachment 

t o  C-C7F14 and 1'C7F14" (submit ted t o  ChemicaZ Physics Letters see 

Appendix A). 

6. Contacts 

I n  May, M. 0. Pace at tended the  IEEE Power Engineering Society  

Switchgear Committee Meeting i n  New Orleans. 

Ex t ranuc lear  Labora tor ies ,  Inc .  of  P i t t sbu rgh  was v i s i t e d  i n  June 

by I. Sauers, t o  view a derr~onstrat ion o f  an atmospheric pressure quadru- 

p o l e  mass spectrometer. I n  September, L. G. Christophorou v i s i t e d  the 

El  e c t r i c a l  Engineering Departments a t  the U n i v e r s i t i e s  of L iverpoo l  and 

S t r a t h c l y d e  and the Physics Department a t  the U n i v e r s i t y  o f  Manchester, 

a l l  i n  t he  Uni ted Kingdom. 



Those v i s i t i n g  us i n  t h i s  p e r i o d  inc luded:  R. J. Van Brunt,  R. E. 

Webner, and M. Masakian, of the Nat ional  Bureau o f  Standards; A. Pedersen, 

o f  the Technical U n i v e r s i t y  o f  Denmark; R. Koerwer, M. Reddi, and H. G. 

Lorsch, o f  the  F r a n k l i n  I n s t i t u t e ;  F. V.  S t ru i sa ,  J. Barron, W. J. Cole, 

and Me1 Singer, o f  the New York Sta te  Energy Au tho r i t y ;  R. S. Berry o f  

the  U n i v e r s i t y  o f  Chicago; S. Rice o f  the U n i v e r s i t y  o f  Ontar io ;  W i l l i am 

McElroy , Chancel lor,  U n i v e r s i t y  o f  C a l i f o r n i a  a t  San Diego and member o f  

ORNL Advisory Committee; P. Markovi tch o f  the Bor i s  K i d r i c  I n s t i t u t e  of 

Nuclear Sciences, Belgrade, Yugoslavia; K. K i t e  o f  Tek t ron ix ,  Inc.;  E. 

Larsen o f  Biomation; and J. Owren o f  Marco S c i e n t i f i c ,  Inc.  

Also i n  t h i s  pe r iod  a request  t o  us from D r .  F loyd Cu l l e r ,  D i r e c t o r  

o f  E.P.R.I. ,  was honored, f o r  a wide source o f  i n fo rma t ion  on SF, and i t s  

use. P a r t i c l e  contaminat ion experiments were discussed w i t h  D r .  Chat 

Cooke o f  the  Massachusetts I n s t i t u t e  o f  Technology. Discussions were 

a l s o  he ld  w i t h  J. P. Vora o f  the Department o f  Energy, Columbia Organic 

Chemicals Co., Armegeddon Chemical Co., Linde D i v i s i o n  of Union Carbide 

and A i r  Products and Chemicals Inc .  

A t  ORNLY John M i l l i o n  (Gaseous D i f f u s i o n  P l a n t )  and B i l l  Rainey 

(Y-12) a ided i n  gas ana lys is .  Gerald Goldberg (High F lux  Iso tope Reactor) 

i r r a d i a t e d  the  po lye thy lene cable f o r  the  h igh  temperature apparatus. 

J . B a i r  (acce le ra to r  group) discussed gaseous d ie1  ec t r i . cs .  The i n t e r a c t i o n  

w i t h  H.C. Schweinler, e s p e c i a l l y  on e l e c t r i c  f i e l d - i nduced  e l e c t r o n  detach- 

ment, i s  g r a t e f u l l y  acknowledged. Thanks a re  a l s o  due t o  V. E. Anderson 

f o r  computational he1 p. 
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Paper Submitted t o  Chemical Physics L e t t e r s  

ELECTRON ATTACHMENT TO c-C7F14 and 1-C7F14* 

A.A.  CHRISTODOULIDES~ and L.C. CHRISTOPHOROU* 

Atomic, Molecular and High Voltage Physics Group, Health and Safety Research 
LXvLsion, Oak Ridge National Laboratory, Oak Ridge, Tennessge 37830, U.S..4. 

The results of a swarm study on the attachment of slow ($3 eV) electrons 
to c-C7F14 and 1-C7F14 are presented and discussed. For both molecules the 
attachment cross sections show resonance maxima at 0.07 and 0.25 eV, and they 
are much larger for the cyclic isomer. The thermal values of the electron 
attachment rate are 18.3 and 1.33 x 10' set-l torr-l fnr c-C7F14 and 1-C7FIb, 
respectively. 

1. Introduction 

The study of the electron attaching properties of halocarbon molecules is both 

of basic and applied significance. Knowledge of the rates and cross secrions'for 

production of parent and fragment negative ions, of the autodetachment lifetimes 

of metastable parent and fragment negative ions and of their.energy dependences 

is necessary for the development of an understanding of the formation and frag- 

mentation of molecular negative ions in impacts with low-energy electrons [1,2]. 

Certain halocarbons are of special significance to the environment [2] and also to 

other applied areas such as gaseous dAeIectrics ( p . . ~ .  , sen ref c .  3-5). 

In this paper we report and briefly disct~ss the results of a swarm study on 

electron attachment to c-C7F14 (perfluoromethylcyclohexane) and 1-C7F14 (perfluoro- 

1-heptene). Although c-C7F14 has been the subject of earlier studies [6-141 (mostly 

at thermal energies), to our knowledge no study of 1-C7F14 has been made. Recent 

work on electron attachment to other perfluorocarbon molecules can be found In 

refs. 15 and 16. 

*Research sponsored by the Division of Electric Energy Systems of the U.S. Department 
of Energy under contract W-7405-eng-26 with Union Carbide Corporation. 

+visiting Scientist; permanent address, Department of Physics, University of Ioannina, 
Ioannina, Greece. 

'Also Department of Physics, University of Tennessee, Knoxville, Tennessee 37916. 



2. Experimental 

The experimental and a n a l y t i c a l  methods used i n  the  present study have been 

described previously (see ,  f o r  example, r.efs. 1, 15  and 17).  The p u r i t y  of 

c-C~F~L, and 1-C7F14 was >97+%, and the  measurements were performed a t  ~ 2 9 8 ~ ~ .  

3.-..Resul.ts and Dfscussion 

The attachment r a t e s ,  aw,  ( a  i s  the  e lec t ron  attachment c o e f f i c i e n t ,  and w is 

the  e lec t ron  swarm d r i f t  ve loc i ty )  [l] f o r  c-C7F14 and 1-C7F14 have been measured 

a s  a funct ion of the  pressure-reduced e l e c t r i c  f i e l d ,  E/P298, i n  mixtures with 

the  "ca r r i e r "  gases [I]  Ne and A r  a t  t,nt.al. pressures  500, 1900, 1500 and 2000 t o r r  

and 500, 1000 and 1500 t o r r ,  respect ively .  The perfluorocarbon pressures  ranged 

from 5.4 t o  19 x t o r r  r o r  c-C7F14 and from 30.7 t o  98i8 x lo-' t o r r  f o r  1-C7F14. 

Twenty independent measurements of the  attachment r a t e  a s  a funct ion of E/P298 have 

been made f o r  c-C7F14 and 1-C7F14 i n  mixtures with N2. The average of these  is 

l i s t e d  i n  t a b l e  1 and is p lo t t ed  i n  f i g .  1 (so l id  points) .  S imilar ly ,  n ine  inde- 

pendent measurements of aw(E/P) have been made f o r  1-C7F14 and twelve for c-C7F14 

using A r  a s  t h e  c a r r i e r  gas. The average of these  i s  l i s t e d  i n  t 'able 2 and is  p l o t t e d  

i n  f i g .  1 (open points) .  I n  f i g .  1 aw is p lo t t ed  a s  a function of the  mean e l e c t r o n  

energy < E > ;  t h e  r e l a t i o n s h i p  between < E >  and E/P2g8 is  gtven i n  Cables 1 and 2 f o r  

Np and Ar respec t ive ly  (see  r e f s .  1 and 15).  A s l i g h t  increase  i n  aw with  increas ing 

t o t a l  pressure  was noticed f o r  each molecule i n  both c a r r i e r  gases, but  i t  was no t  

s i i f f i c i en t ly  ou t s ide  of the  experimental e r r o r  (see  t a b l e s  1 and 2) t o  be considered 

s i g n i f i c a n t .  For each c a r r i e r  gas, a t  each E/P t h e  average value  of uw f o r  each t o t a l  

pressure i s  wi thin  a standard devia t ion of the  mean value of aw using a l l  d a t a  ( i .e . ,  

f o r  a l l  a t t ach ing  and a l l  carr ier -gas  pressures)  f o r  t h a t  p a r t i c u l a r  E/P. 

The a w ( < ~ > )  funct ions  show a c h a r a c t e r i s t i c  maximum ' a t  0.17 eV f o r  c-C7F14 and a t  

0.25 eV f o r  1-C7F14. They a r e  much l a r g e r  f o r  the  c y c l i c  isomer. 



ORNL DWG 78-13942 

MEAN ELECTRON ENERGY, <a> (eV)  

Fig. 1. Electron attachment r a t e  as a function of mean e lec t ron  energy 

f o r  c-C7F14 and 1-C7F14. ( 0 )  Data taken using N2 as t h e  c a r r i e r  gas; 

(0) da t a  taken using Ar as the  c a r r i e r  gas (see t ab l e s  1 and 2 f o r  e r ro r  

es t imates) .  



Table 1 

Electron attachment r a t e s  f o r  1-C7F14 and c-C7F14 i n  N2 a 1 

298 <E> 
l-C7F14 

b 
c-C7F1 4 

c )  
(vo l t  cm-I t o r r - l )  (ev) 

aw 5 . 4  (aw) d aw s-d./ (aw) d) 

( lo8  sec'l t o r r - l )  (%I ( lo9 sec-I tor=-l)  (XI 

- - 

 he pressures  of N2 employed are :  500, .100C, 1500 and 2000 t o r r .  
b)A-Jerage of twenty independent runs  wi th  I-C~F~L, pressures i n  the range 30.7 to  98.8 x loe5 t o r r .  
"Average of twenty independent runs with e-CiF14 pressures i n  t h e  range 5.4 t o  19 x t o r r .  
d ) ~ ~ a n d a r d  devia t ion divided by aw. 



Table 2 

Electron attachment r a t e s  f o r  1-C7F14 and c-C7F14 i n  A r  a 

E/P298 < €> 1-C7F14 
b) C - C ~ F I ~  C )  

(vo l t  cm'l to r r - l )  (eV) 

aw s.dJ (aw) aw r d /  (aw) d)  

- - - 

a)The p ressures  of A r  employed a re :  500, 1000 and 1500 t o r r .  
b ) ~ v e r a g e  of n ine  independent runs  w i t i  1-C7F14 pressures  ranging from 35.3 t o  52.1 x t o r r .  
C ) ~ v e r a g e  of twelve independent runs wZth c-C~F~L, pressures  i n  t t e  range 9.7 t o  17.1 x t o r r .  
d ) ~ t a n d a r d  dev ia t ion  divided by aw. 



The d a t a  on ~ w ( < E > ) ,  taken  us ing  N2 a s  t h e  c a r r i e r  gas  ( t a b l e  1; f i g .  I ) ,  were 

unfolded by a p p l i c a t i o n  of t h e  swarm unfolding technique  [18]. The ga(z) obta ined  are 

l i s t e d  i n  t a b l e  3 and a r e  p l o t t e d  i n  f i g .  2. Two resonance maxima a r e  s een  which 

f o r  both  molecules occur a t  -0.07 and a0.25 eV. Although t h e  p o s i t i o n s  o f  t h e  

c r o s s  s e c t i o n  maxima are t h e  same f o r  t h e  two isomers, t h e  magnitude and t h e  energy 

dependence of o , ( ~ )  a r e  s u b s t a n t i a l l y  d i f f e r e n t .  

E a r l i e r  e l e c t r o n  beam s t u d i e s  [ll] on c-C7~14 have shown t h a t  the  most abundant  

nega t ive  i o n  i s  t h e  long-l ived metas table  parent  i on  C-C~F~, , -*  formed a t  thermal  

and epi thermal  e n e r g i e s  w i t h  maximum i n t e n s i t y  a t  -0.07 eV, i n  agreement w i t h  

t h e  p re sen t  work. Other (weaker) i o n s  such a s  C7F1 3-, C6Fl and c5Fg- were 

de tec t ed  [ll] a t  h igher  e n e r g i e s  (%0.3 eV). Based on t h i s  work and a l s o  on  

r e c e n t  work on o t h e r  f luorocarbon compounds [4,5], t h e  0.07 eV resonance 

i n  f i g .  2 should be  mostly due t o  t h e  pa ren t  c-c7J?1 4-* i on  and t h e  0.25 

eV resonance due mostly t o  fragment ions .  Other beam s t u d i e s  r10,13] found t h e  auto-  

rletachmcnt l i f e t i m e  % of c-c7F14-* a t  -0.0 eV t o  be 793 psec [ lo]  and 757 psec 1131. 

Although no s i m i l a r  work has  been repor ted  f o r  1-C7F14, on t h e  b a s i s  of t h e  work 

on c-C~F~L, and o t h e r  f luorocarbons  ( r e f s .  1, 4, 5,  10 ,  15, 1 6  and 19 ) ,  the ~ - C ~ F ~ I + - *  

i o n  is  expected t o  form a t  -0.07 e V  and t o  be long-l ived ( T ~  > sec ) ;  fragment 

nega t ive  i d n s  would predominate a t  h igher  energ ies .  

The r e s u l t s  of e a r l i e r  s t u d i e s  [8,9,12,14] on t h e  va lue  of  t h e  thermal (T = 298O~)  

at tachment r a t e  f o r  C-C~F~I ,  arc compared i r ~  t a b l e  4 wi th  t h e  p re sen t  v a l u e  o f  18.3 x l o8  

sec-l  torr-l.  The thermal va lue  of t h e  at tachment r a t e  f o r  1-C7F14 is  1.33 x 

lo8  ' sec-l t o r r - l  ( i . e . ,  -14 t imes smal ler  than f o r  c-C7F14). 

The h igher  va lues  of t h e  at tachment c r o s s  s e c t i o n  f o r  t h e  c y c l i c  per f luorocarbon 

a r e  c o n s i s t e n t  w i t h  t h e  conclusion we reached r e c e n t l y  [15,16] t h a t  t h e  c y c l i c  s t r u c t u r e  

i n c r e a s e s  t h e  at tachment c r o s s  s e c t i o n .  They a r e  a l s o  c o n s i s t e n t  w i th  t h e  h ighe r  

d i e l e c t r i c  s t r e n g t h  of  c-C7F14 r e l a t i v e  t o  1-C7F14 (icefs. 3-5). Christophorou e t  as. 143 

r epor t ed  t h e  r e l a t i v e  DC breakdown v o l t a g e  of c-C7F14, 1-C7F14 and SF6 to  be 2.2,  1 . 2  

and 1.0,  r e s p e c t i v e l y .  



Fig. 2. Swarm-unfolded electron attachment cross sections as a function 

of electron energy for c - C ~ F ~ L ,  ( 0 )  and 1-C7F11+ (A). 



Table 3 

Electron attachment cross sections, a,(€), for 1-C7F14 and c-C7F14 

a,(&) (10-1 cm2) 
E (eV> 

1-C7F14 c-C7F 1 4 



Table .4 

Values of t h e  thermal  at tachment  r a t ? ,  p o s i t i o n s ,  E 
ma:<' of t h e  maxima i n  t h e  a t tachment  c r o s s  

s e c t i o n  o ( 2 )  and v a l u e s  of o (6) a t  E a a .  max f o r  1-C7F1, and c-CiF14 

Molecule 
S t r u c t u r a l  Thermal A t  taciment - 

Rate a) 
- 
max 'a('max 1 

Formula 
( l o 8  sec-I torr- '1  lev)  

(10-l5 cm2) 

Perf luoro-l-he,?tene F F P F F F F  
1 I l L I I I  

F F ' F F F F  

Perf luoromethyl-  

cyclohexane 

(c-C7F14) 

" ) ~ e t e r m i n e d  by i n t e g r a t i n g  t h e  oa(c) 'obtained i n  t h i s  work (tab3.e 3) over a rnaxwellian f u n c t i o n  

(T = 298O~)  (ref .  1 9 ) .  
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APPENDIX B 

Paper Submitted t o  the  Journal o f  Physics D: Appl ied Physics 

On the  Role o f  the  E lec t ron  Impact I o n i z a t i o n  Cross Sect ion i n  

t he  Breakdown St rength  o f  Die1 e c t r i c  Gases* 

L. G. CHRISTOPHOROU~, D. R. JAMES and R. A. MATHIS 

Atomic, Molecular  and High Voltage Physics Group, 
Hea l th  and Safe ty  Research D iv i s i on ,  
Oak Ridge Nat iona l  Laboratory, Oak Ridge, Tennes.see, 37830, U.S.A 

Abst rac t .  I n  t h i s  paper we discuss the  r o l e  o f  t h e  e l e c t r o n  impact 

i o n i z a t i o n  cross sec t ion ,  u ~ ( E ) ,  as a func t i -on  o f  e l e c t r o n  energy, E ,  i n  

the  breakdown s t rength ,  Vs,  o f  gases/mixtures. Four gases (Ne, Ar, N2 

and SF6) were chosen f o r  which the  ai (E )  and the t o t a l  e l e c t r o n  s c a t t e r i n g  

cross sec t ion ,  a S c ( ~ ) ,  a t  low energies are known. Di;rect c u r r e n t  breakdown str 'engths 

on Ne, Ar, Ne + SF6, Ar  + SF6, N2 + Ne + SF6, and N2 + Ar + SF6 were made 

and a re  reported,  us ing  sphere on sphere-sphere and square rod-plane e lec-  

t rode  geometries. On t h e  bas is  of these measurements and the data on us,(&) 

and ai(c) i t  was concluded t h a t  themagni tude o f  u S C ( ~ )  a t  sub ion i za t i on  

( E  < I )  and e s p e c i a l l y  a t  subexc i ta t i on  ( E  < energy of lowest  e x c i t e d  e l e c t r o n i c  

s t a t e )  energies i s  much more s i g n i f i c a n t  i n  e f f e c t i n g  h i g h  values of V, than 

u ~ ( E ) .  The e f f e c t  o f  p e r f l u o r i n a t i o n  and s t a t i c  p o l a r i z a b i l i t y  on u,(E) 

i s  a l s o  discussed. 

*Research sponsored by the  D i v i s i o n  of E l e c t r i c  Energ.y Systems, U .S. Department 
o f  Energy under c o n t r a c t  W-7405-eng-26.with Union Carbide Corporat ion. 

+ ~ l  so Department o f  Physics, U n i v e r s i t y  o f  Tennessee, Knoxvi 1 l e ,  Tennessee 3791 6. 



1.  Introduction 

We have indicated earl  i e r  (Christophorou 1977, Christophorou et a2 1977a, 1978, 

James et a2 1978) tha t  i n  designing a gas d ie lec t r ic  the quantity1 
03 

sh.ould be maximized, and -the quantity1 
m 

1 

should Be mlnSmized. In (1 1 and ( 2 )  u,(E) and u ~ ( E )  are,  respectively, the 

electron attachment and the electron impact ionization cross sections as 

functions of the electron energy E ,  f ( ~ ,  E/P) i s  the electron energy dis.tributi.on 

as  a function of E and the pressure-reduced e l ec t r i c  f i e ld  E/P ,  and I i s  the 

ionization threshold energy. We have a1 so emphasized i n  our earl  i e r  reports 

(e.g. ,  Christophorou et a2 1976, 1977a,b, 1978, James et a2 1978, Pace et at 

1978) the dominant ro le  of a,(€) and the importance of the electron scat ter ing 

processes which strongly influence f ( ~ ,  E/P). In th i s  paper we assess and discuss 

the ro le  of u i (c )  i n  the breakdown voltage, VS,  f o r  gasesjrni'xtures, on the 

basis of experilnental data on u S C ( ~ ) ,  O ~ ( E )  and VS. From the d i e l ec t r i c  point 

of view the portion of a i ( ~ )  close to  I i s  the most s ignif icant .  

For mult i~orn~onent  mixtures the role  of 'the Penning ionization process (A* + B- 

B+ + e + A)  must be assessed also.  

] ~ s u a l l y ,  the velocity weighted forms of (1)  and ( 2 )  are used [ i  .e., 

% u ~ ( ~ ) E  f ( ~ ,  E/P)di and u ( ) ~ f ( ,  i /P)dr ] ,  which are proportional, 

respectively, t o  the attachment and ionization coefficients.  Expressions 

(1) and ( 2 )  may be referred to. respectively, as the epprgy dis tr ibut ion 

weighted ef fec t ive  attachment and ionization. 



2. The elect ron impact ionization cross sec t ion ,  

A. Direct and ind i rec t  ionization 

In the v i c i n i t y  of I  (say,  0  t o  10 eV above I )  ionizat ion proceeds d i r ec t l y ,  

e  t xy-xyt + 2e (o r  X + Y+ + 2e) (3)  

o r  ind i rec t ly ,  

/ 
XY++ e  (o r  X + Y+ + e )  . (la.)  

e t XY-XY** (superexc5tation) + e' - "Dissociation" I +e (4b) 
'~lectronic re laxat ion ( 4 4  

Superexcitation ( i . e . ,  exci ta t ion of an e lec t ron ic  s t a t e  of a  neutral  molecule 

AX above I )  plays an important ro le  f o r  many molecules ( e - g . ,  see  Christophorou 

1971, Donohue e t  a2 1977). The competition between (3) and (4)  is a  function 

of ( E  - I ) ;  a s  ( E  - I )  increases,  (3 )  dominates over (4) .  The competition 

between i nd i r ec t  ionizat ion (4a) and "dissocia t ion"  (4b) giving neutral  fragments 

should depend on ( E  - I ) ,  the s t a t e  of exc i ta t ion ,  and the  vibrational d i s t r i bu t i on  

of in ternal  energy and i t  could be beneficial  i n  t h a t  i t  could reduce a i .  Close 

t o  I  the  parent posi t ive  ions a r e  the  most abundant but a s  ( E  - I )  increases,  so 

does the  y i e ld  of fragment posi t ive  ions. 

B. Electron impact ionization cross sect ion c lose  t o  threshold and i t s  

dependence on the  s t a t i c  polar izabi l  i ty  

The s ing le  ionizat ion cross sect ion by e lect ron impact, a i  ( E )  , increases more o r  

l e s s  l i nea r l y  with energy E - I  above I ,  maximizes a t  some energy (usual ly  around 

slOO eV) above 1  (see  Chris tophorou 1971) and decreases w i t h  E ,  a t  large E ,  a s  

predicted by the  Born approximation viz.  a s  a n ~ l ~ .  Figure 1  shows examples of 

the  var ia t ion of the t o t a l  ionization cross sec t ion ,  a-,-, with e lec t ron  energy. 

Close t o  I  double and mu1 t i p l e  ionization is negl igible  (o r  not energe t ica l ly  

possible) and f o r  t h i s  reason we sha l l  r e f e r  t o  o.,-(6) as o ( E )  . 



I n  f i g u r e  2 U ~ ( E )  are p l o t t c d  for  a number o f  gases and are seen t o  vary 

g r e a t l y  i n  the ind ica ted  energy range. A p l o t  o f  oi vs ( E  - I )  ( f i g u r e  3) 

shows a s i m i l a r  va r i a t i on .  I f  the values o f  oi f o r  various species a t  a 

p a r t i c u l a r  value of ( E  - I) (say, 5 o r  10 eV; f i gu re  3) are p l o t t e d  as a funct ion 

o f  the species' s t a t i c  p o l a r i z a b i l  i t y ,  a, oi increases w i th  a, a1 though the data 

show a considerable spread. I n  the i nse t  o f  f i g u r e  4 the slopes, A?/ A ( E  - I), 

of the oi vs ( E  - I )  p l o t s  f o r  (E- I )  2 eV are p l o t t ed  as a func t ion  o f  a. 

A general increase of A U ~ / A ( E  - I )  w i t h  a i s  evident. This i s  cnnsistent 

w i t h  e a r l i e r  data by Beran and Kevan (1969a) some o f  which are shown i n  

f i gu re  4. For la rge  values o f  E the Born approximation i s  va1 i d  and one 

would expect oi t o  be propor t iona l  t o  a since both oi and a are roughly 

p ropor t iona l  t o  the square o f  the t r a n s i t i o n  moment matr ix  element. 

Indeed a l i n e a r  r e l a t i onsh ip  between ai dnd a, a s  seen i n  f i g u r e  4. 

has been noted between oi (E = 75 eV) and a ear l  i e r  (Beran and Kevan 

1969a, Lampe e t  a2 1957). A t  75 eV the Born approximation i s  

probably va l  i d  and d i r e c t  i on i za t i on  dominates over i n d i r e c t  f o r  molecules . 
Beran and Kevan (1969a) noted t h a t  the co r re l a t i on  between oi and a holds 

b e t t e r  w i t h i n  given classes o f   molecule^, 

It i s  seen from f i g u r e  4 t h a t  f o r  a given value o f  a, pe r f l uo r i na t i on  o f  

a hydrocarbon molecule reduces a i ( ~ )  and t h a t  t h i s  reduct ion i s  l a rge r  the lower the 

E. Th is  observation seems t o  .be o f  qu i t e  general v a l i d i t y ,  as can be seen 

from the data i n  tab le  1. 

C. E f f e c t  o f  pe r f l uo r i na t i on  on the magnitude o f  oi(c) and I 

I t  can be seen from tab le  2 t h a t  the I o f  per f luo r ina ted  hydrocarbons i s ,  as 

a ru le ,  h igher than f o r  t h e i r  nonf luor inated analogues. Q u i t e  general ly, 

when an F atom i s  subs t i tu ted  fo r  an H atom, oi (E )  decreases. The other  

halogen atoms (C1, Br, I) do no t  behave i n  t h i s  manner; f o r  these, ui (E)  increases 

w i t h  increas ing number of halogens and atomic number (i.e., i n  the order C1 c 

B r  < I; see tab le  1 and Beran and Kevan 1969a). This behavior indeed r e f l e c t s  

the unique proper t ies  o f  the ground s ta te  F atom [the e lec t ronega t i v i t y  (4.0) 

and I (17.42 eV) of f l u o r i n e  are very high] a l lowing for  strong C-F bonds and 



Table 1. I o n i z a t i o n  c ross  sec t ions ,  ai, a t  t h r e e  (20, 35 and 70 eV) 
e l e c t r o n  energies f o r  hydrocarbons showing the  e f f e c t  o f  f l u o r i n e  
and o t h e r  halogen atoms on a i  a 

0 110-l6 cm2)  
Molecule i 

E = 20 eV E = 35 eV E. = 70 eV 

- - 

a ~ r o m  Beran and Kevan (1969 a)  



Table 2. F i r s t  i o n i z a t i o n  p o t e n t i a l ,  I o f  hydrocarbons 
showing t h e  e f f e c t  o f  F s u b s t i t u t i o n  on t h e  value o f  I a 

Compound I ( e v )  

( C$"12 
cyc ohexane) 

C6F12 13.2 ....................................................... 
C6H6 9.24 

(benzene) 

C6 F6 9.93 ....................................................... 
C12H1o 8.23 

(b iphenyl  ) 

a ~ a t a  on I are f rom Chr is tophorou (1971) and 
Rosenstock e t  a2 (1 977). 



tightly bound electrons. 

I t  i s  thus seen that perfluorocarbon molecules can possess basic 

properties which are highly desirable for a gas dielectric. Besides strong C-F 

bonds, high I and low a i ( € ) ,  they can have large aa(o) (e.g., Christodoulides 

et a2 1978, Pai e t  a2 1978), lead predominantly to parent negative ions i n  

impacts with low-energy electrons (Christophorou 1978), have large electron 

a f f in i t i e s  (Christophorou 1978), and possess many negative ion states a t  E c I 

(Christophorou 1977, 1978; Christodoul ides et a2 1978, Pai et a2 7978). 

3.  Electron impact ionization and electron scattering cross sections for  Ne, 

Ar, N2 and .SF6 

To assess the role of a i ( € )  relative to the electron scattering cross 

section aSc(€)--and thus the relative significance of (1) and (2)--we have 

chosen four gases' for rhich a t ( € )  and oSC(€)  are known. These are shown 

i n  figure 5A, B and are .explained in the figure caption where the sources of the 

original data are given. 

4. DC breakdown strength measurements 

Measurements have been made of the DC breakdown strengths -of Ar, Ne, Ar + SF6, 

Ne + SF,, N 2  + Ar + SF6 and N 2  + Ne + SF,. These data are presented in table .  

3 and figures 6 to 11. We employed sphere on sphere to sphere electrodes (a 

l / 8  in. diameter stainless steel sphere attached to the top o f  a 1 1/2 ' in.  diameter 

sphere as the negative voltage electrode and a second 1 112 in. diameter sphere 

a s  the ground electrode) i n  this  work to achieve a nonuniform elect r ic  f ield.  

Figurc 6 shows thc breakdown voltages, V S ,  as a function of Pd (thc product 



Table 3. Vs for SF6, Ar, Ne, N2 + Ar, N2 + l e ,  SF6 + A?,  SF, + Ne, SF6 At- N29 

and SF, + Ne + N2 (Ptotal = 2300 torr ;  sphere on sphere-sphere electrode geometry 

El ectrode Separation ( i nches ) 
0.125 0.225 0.325 0.425 0.525 



of the gas pressure P )  and the electrode separation distance, d ,  a t  a constant 

pressure of 2000 t o r r  fo r  pure Ne and Ar a s  well as  f o r  80% Ne + 20% SF6 and 

80% Ar + 20% SF6 mixtures. The superior i ty  of Ar over Ne as a s ingle  gas and 

as  a buffer gas i s  c lear ly  seen. 

Figures 7 and 8 show, respectively, VS vs Pd f o r  40% Ar + 40% N 2  + 20% SF6 

and 100% SF6, and 40% Ne + 40% N 2  + 20% SF6 and 100% SF6. The range of 

pressures used (see f igures)  was from 500 t o  3500 tor r .  A t  a given Pd, the 

breakdown voltage varies according to  pressure. In general, the lower pressure 

will have the lower Vs a t  a constant Pd. This e f f e c t  occurs because the low P 

will have a correspondingly larger  d which makes the e l e c t r i c  f i e l d  f o r  t h i s  

electrode configuration more nonuniform, and hence the breakdown voltage will  

be lower. The s l i g h t  curvature of VS versus Pd f o r  a constant pressure i s  a lso 

due to  the changing e l e c t r i c  f i e l d  as the electrode separation varies.  Comparing 

the two mixtures (figures 7 and 8, respectively) we see tha t  both are  substant ial ly  

lower in breakdown voltage than pure SF6 and tha t  the Ar mixture i s  approxinately 

7 t o  14% higher in breakdown voltage than the Ne mixture. 

Figures 9 to  11 give the breakdown voltage fo r  the 40%.Ar + 40% N 2  + 20% 

SF,, 40% Ne + 40% N 2  + 20% SF6 mixtures and fo r  pure SF6 as  a function of the 

to ta l  pressure for  fixed electrode gap separations of 0.125, 0.225, 0.325 in. ,  

respectively. For a fixed d, the nonuniformity i n  the e l e c t r i c  f i e l d  remains 

the same as the to ta l  pressure i s  increased. Generally, the data vary l inearly 

with pressure up  to  3000 torr .  For the Ar mixture, beyond t h i s  pressure, the 

Vs f a l l s  off approximately 5 to  10% below the value one obtains from an 

extrapolated l i n e  through the r e s t  of the data points. Considerably more 

sca t t e r  i n  the data occurs a t  the higher pressures (up t o  1.5%) than a t  the 

lower pressures ( s ca t t e r  $0.5%) which i s  an indication of a higher sveral l  



uncertainty in the data a t  3500 torr. '  Hence the f a l l  off a t  3500 tor r  i s  

probably contained within the experimental error a t  that pressure. 

5. DC Breakdown Strength Measurements i n  Highly Nonuniform Fields 

To explore further the possible effects  of f ie ld  inhomogeneity on the 

re1 a t i  ve breakdown strengths of the gases/mixtures under study, we measured 

VS using square rod-pl ane stainless steel electrodes. The square rod was the negative 

high voltage electrode and had the dimensions 5 x 5 x 62.6 mm; the plane elec- 

trode was a 14-cm diameter s tainless steel disc' with rounded edges. With 

t h i s  electrode geometry we measured both Vs and corona onset voltages. Both 

of these se t s  of data are  presented in figure 12 for  P = 500 torr .  I t  i s  

seen tha t  with the square rod-plane geometry or with the sphere on sphere- 

sphere geometry, the Ar mixtures are superior to the Ne mixtures. The Vs 

values fo r  the mixture 40% Ar + 40% N 2  + 20% SF6 are 14% higher than for  the 

40% Ne + 40% N2 + 20% SF6 mixture, as has been the case with the sphere on 

sphere-sphere geometry results .  

Measurements of breakdown and corona onset voltages on the same ter t ia ry  

111-ix.tures as  i n  figure 12, but a t  Ptotal = 3500 t o r r ,  have been made and the 

resul t s  are shown in figure 13. I t  i s  seen that  the breakdown voltage for 

the Ne t e r t i a ry  mixtures i s  now somewhat higher than for  the corresponding 

Ar mixtures; this  also seems to be the case for the corona onset voltage for 

the 40% Ne + 40% N2 + 20% SF6 mixture. This i s  a most interesting observation 

and can be at tr ibuted (see Section 6 )  to the increased f ie ld  nonuniformity as 

d decreases when P i s  increased. 

..---- 

lCorona onset voltage i s  taken to  be the voltage a t  that  point where there i s  a 

sharp increase in average corona current. The corona current spikes measured in 

the ground electrode c i r cu i t  were averaged with an r-c f i l  t.er. 



6. Discussion and Conclusions 

The breakdown data i n  sections 4 and 5 show tha t  A r  as a un i ta ry  d i e l e c t r i c  

gas o r  as a b u f f e r  gas i s  i n  general super ior  t o  Ne i n  sp i t e  o f  the f a c t  t h a t  

IAr < INe and (oi) >> (oi) ( f igure 5 ~ ) .  This i s  a t t r i b u t e d  t o  the d i f fe rences  
A r  Ne 

i n  o S C ( , ~ )  between A r  and Ne shown i n  f igure 58: A r  i s  a much more e f f i c i e n t  

e lec t ron  slowiny-down gas than Ne. This, i n  turn,  means t h a t  f o r  a given value 

o f  E/P, f ( ~ ,  E/P) i s  s h i f t e d  t o  higher energies f o r  Ne than f o r  Ar .  Recent 

ca lcu la t ions  o f  f ( ~ ,  E/P) f o r  Ne and A r  by McCorkle (D. L. McCorkle, p r i v a t e  

communication, 1978) f o r  E/P = 0.5 and 1 V cm-l t o r r - I  show t h i s  niceqy (see 

f i g u r e  14). The uniform f i e l d  (plane-pl ane geometry) 1 i m i  t i n g  breakdown value, 

(E/P)lim, o f  E/P i s  ~ 8 . 0  and ~ 0 . 6 3  V cm-I t o r r - I  f o r  A r  and Ne, respec t i ve ly  

(see ' table 4). Thus, i n  s p i t e  o f  the f a c t  t h a t  IAr < IN, and (oi) >> (oi) 
A r  Ne 

the magnitude o f  ( 2 )  i s  l a rger  for  Ne than f o r  A r  because a l a r g e r  f r a c t i o n  o f  

e lec t rons overlaps oi(€) for  Ne than f o r  A r  producing secondary electrons. 

The r e s u l t s  nn the b inary  mixtures are cons is tent  w i t h  the above ra t iona le :  

when N2 fo r  which oSC(€)  i s  large (see f igu re  5B) i s  added t o  e i t h e r  Ar o r  Ne, 

Vs increases subs tan t ia l l y .  The r a t i o  o f  Vs values f o r  the Ne + N2 mix ture t o  

the A r  + N2 mix ture i s  much l a rge r  ( ~ 0 . 6 8 )  compared t o  the r a t i o  (0.17) o f  the  

Vs value for pure Ne t o  pure Ar .  This i s  a t t r i b u t e d  t o  the f a c t  t h a t  the dSC(c) 

f o r  NZ, a1 though l a r g e r  than t h a t  o f  A r  below ~6 eV, i s  very much l a r g e r  than t h a t  

o f  Ne over the e n t i r e  range 0 t o  ~ 2 0  eV (see f i gu re  5B). S i m i l a r l y  the Vs increases 

dramat ica l ly  when SF6 f o r  which oSC(€)  i s  a lso la rge  [the u,,(E) f o r  SF6, al though 

l a rge r  than t h a t  of A r  below ~7 eV, i s  very much l a rge r  than t h a t  o f  Ne over .  the  

e n t i r e  sub ion izat ion energy range; see figure, 5B] i s  added t o  e i t h e r  Ne o r  Ar. I n  

t h i s  case the increase i n  V i s  both due t o  the increase i n  uSC(c) and due t o  the  

la rge  u,(E) o f  SF6. The r a t i o  of the V S  values f o r  the Ne + SF6 mlxture t o  the  

A r  + SF6 mixture i s  again large ( ~ 0 . 7 8 )  compared t o  the r a t i o  (-0.17) of the  Vs value 

f o r  pure Ne t o  pure Ar .  



Table 4. DC Uniform-field breakdown s t rength data f o r  pure Ar ard pure Me (P = 500 torr; T ? 20°C; 

pl ane-pl ane e lect rode geometry) . 

Electrode Separation (inches I 

Gas 0.075 0,125 0.175 0.225 0.275 0.325 0.425 0.525 0.625 ( E m l  i m  

a ~ v e r a g e  of ten independent measurements a t  each va1 ue oaf the  e lect rode separation.  

b~etermined from the slope of the data points f o r  the f i r s t  four values of  the  e lect rode 
separation l i s t e d  i n  the t ab le .  

 he breakdown voltages fo r  100% Ar r e f l e c t  a g rea te r  uncsrtainty than f o r  any o ther  gas 
we investigated.  For a gi:ven e lect rode separati:on the V j  was observed to  increase w i t h  
time on the order of 5 to  10% over the course c f  ~ 3 0  minjtes.  Also when the V s  of a given 
Ar sample was measured on succeeding days a di f ference i:i Vs o f  as  much as 20% was noted. 



The r e s u l t s  on the  V s  f o r  the t e r t i a r y  mix tures  are a l so  cons is ten t  w i t h  

t h i s  i n t e r ~ r e i a t i c n  : rhen N2 [ f o r  which o s c ( r )  i s  l a rge  a t  subexc i ta t i on  

energies; f i g u r e  5 ~ ]  i s  added t o  the  SF6 + Ne mixture,  the  V, improves much 

more than when i t  i s  added t o  the SF6 + Ar mix ture .  

Since the  values o f  I f o r  SF6, N2, Ar and Ne are ( ~ h r i s t o p h o r o u  1971, 1977) 

~ 1 5 . 6 ,  ~ 1 5 . 6 ,  15.76 and 21.56 eV, respec t i ve l y ,  i t  i s  u n l i k e l y  t h a t  f o r  t h e . A r  

b ina ry  (Ar + SF6) and t e r t i a r y  (Ar + SF6 + N ~ )  mix tures  a  Penning i o n i z a t i o n  

process occurs.' Such a  process, however, i s  poss ib le  f o r  the Ne b ina ry  ( ~ e  + 

 SF^) and t e r t i a r y  (Ne +  SF^ + N2) mix tures  (see p o s i t i o n s  o f  onsets o f  the lowest  

Ne e x c i t a t i o n s  i n  f i g u r e  5A). I n  view o f  t h i s  p o s s i b i l i t y  the ac tua l  r e l a t i v e  

improvement i n  Vs  when SF6 o r  SF6 + N2 are added t o  Ne cou ld  be even higher.  

These f i n d i n g s  are cons is ten t  a l s o  w i t h  e a r l i e r  observations (Christophorou e t  a t  

1977a,b, 1978, Christophorou, 1977, James e t  a2 1978) and demonstrate the s ign i f i cance  

of e f f i c i e n t  e l e c t r o n  s c a t t e r i n g  a t  sub ion i za t i on  and subexc i ta t i on  energies. 

They i n d i c a t e  t h a t  large e l e c t r o n  s c a t t e r i n g  cross sec t ions  i n  the  sub ion iza t i on  

( E  < I) and subexc i ta t io r l  ( E  < energy o f  lowest  exc i ted  e l e c t r o n i c  s t a t e )  energy 

range are  more impor tant  i.n e f f e c t i n g  a h igh  value of V s  than low u ~ ( E ) .  

F i n a l l y ,  the present  r e s u l t s  and t h e i r  i n t e r p r e t a t i o n  are cons is ten t  w i t h  

the a/N(E/N) data f o r  Ar and Ne shown i n  f i g u r e  15. The pr imary i o n i z a t i o n  

c o e f f i c i e n t  a over the  gas dens i t y  N, a/N, i s  r e l a t e d  t o  u ~ ( E )  by 

00 

= ( ~ ~ $ 5  W-' 1 f ( ~ ,  EIN)~'~ u ~ ( E ) ~ .  . N (5 

where w  i s  the  e l e c t r o n  d r i f t  v e l o c i t y  and m i s  the e l e c t r o n  mass. On the  

bas is  of equat ion (5) ,  the  u ~ ( E )  data i n  f i g u r e s  1  and 5, and the a/N(E/N) data i n  

f i g u r e  15 f o r  Ar and Ne i t  i s  c l e a r  t h a t  f o r  any given value o f  E/P298 t o  

~ 5 2  V cm-l t o r r - l ,  t he  f ( ~ ,  E/N) i s  s h i f t e d  t o  h igher  energies much more fo r  

' ~ d d i n g  N2 i n t o  A r  does n o t  increase the t o t a l  i o n i z a t i o n  produced when a- 

p a r t i c l e s  a re  completely stopped i n  the  gas system (see Christophorou, 1971, 

Chapter 2). 



Ne than f o r  Ar and i.n such a manner as to  make the value of the integral in 

equation (5)  larger1 fo r  Ne than for  Ar i n  sp i te  of the much lower u i (€)  for  

Ne, demonstrating in t h i s  way the significance of u S C ( ~ ) .  On the basis of 

fi'gure 15 and equation ( 5 ) ,  beyond an E/PZg8  value of ~ 5 2  V cm-l torr ' l ,  the 

.value of the integral in equation (5) becomes larger  for  Ar than for  Ne. I t  

would then seem tha t  the data in figure 13 could be character is t ic  of very 

high values of E/P whi'ch may be possible in the highly nonuniform f ie lds  of 

the square rod-plane electrodes a t  smqll electrode separati.ons,. 
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l ~ h e  d r i f t  velocity of electrons i n  Ne to E/P = 1 V cm-I torr'l i s  larger than 
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Figure Captions 

Figure 1. Tota l  i o n i z a t i o n  cross sections, o ~ ( E ) ,  f o r  Ne, Ar, N2 and 

SF6 [ o r i g i n a l  data from Rapp and Englander-Golden (1 965)]. 

F igure 2. I o n i z a t i o n  cross sect ion,  ai , as a f u n c t i o n  o f  e lec t ron  energy, 

E, f o r  He, Ne, Ar and a number o f  molecular systems [Based on the data 

o f  Rapp arid Engl ander-Go1 den (1965)l.  

F igure 3. ai vs (E - I )  (see t e x t )  

Figure 4. ai vs s t a t i c  p o l a r i z a b i l i t y ,  a, fo r  the hydrocarbons CH~, .  

C2H6, C3H8, C4H10 and C5H12 .and the p e r f  luorocarbons CF4, C2F6, C3F8 

and C4F10 a t  th ree (20, 35, and 70 eV) el.ectron energies. 'I'he 

ai values are  from Beran and Kevan (1969a), the a-values f o r  the 

a1 kanes are from Landol t and Bornste in  (1951 ) and the a-values 

f o r  the perf luorocarbons are from Beran and Kevan (1969b) and 

were determined ( Beran and .Keyan '1969.h') usi:ng t h e  method o f  ~ e F e v r e  

(1 965). 

Inset .  A U ~ / A ( F  - I) vs a. The A U ~ / A ( E  - I) were determined f o r  

( E  - I )  values 42 eV using the oi(c) data o f  Rapp and Englander- 

Golden (1965) and I-vaques from Christophorou (1971). The a- 

values are from Landol t and Bornste in  (1951) except f o r  

NO(a = 19 x 10-25 cm3) which i s  from Moody and Thomas (1971 ). 



Figure 5. A. ai ( E )  f o r  Ar, SF6, N 2  and Ne [data from Kapp and Englander- 

Go1 den (1 355) ] .  

B. Electron sca t te r ing  cross section as a function of electron energy. 

N 2 :  to ta l  electron scat ter ing cross section, at. (Go1 den 1966) ; 

momentum t ransfer  cross section, om (Engelhardt e t  a t  1964). 

 SF^: + (Srivastava e t  a t  1967) ; 8 (Rohr 1977). 

Ar: at (Golden and Bandel 1966). 

Ne: u t  (Massey and Burhop 1969). 

Figure 6 :  Breakdown voltages of pure Ne and p r e  Ar and respective 

mixtures with SF6 (P = 2000 t o r r ;  sphere on sphere-sphere electrode geometry). 

Figure 7. Breakdown voltages, V s ,  of lflfl"1,F' and 'the mixture 10% Ar .I 40% N2 + 

20% SF6 a t  the indicated pressures (sphere on sphere-sphere electrode geometry). 

Figure 8. Breakdown vol tages , Vs ,. of 100% SF6 and the mixture 40% Ne + 40% N2 + 

20% SF6 a t  the indicated pressures (sphere on sphere-sphere electrode genmetry). 

Figure 9. Breakdown voltages, Vs,  of pure SF6, 40% Ar + 40% N2 + 20% SF6 and 

40% Ne + 40% N 2  + 20% SF6 as a function of pressure a t  a fixed gap distance 

(sphere on sphere-sphere elect;-ode geometry, d = 0.125 in . ) .  

Figure 10. Breakdown voltages, V s ,  of pure SF6, 40% Ar + 40% N2 + 20% SF6 and 

40% Ne + 40% N 2  + 20% SF, as a .function of pressure a t  a fixed gap distance 

(sphere on sphere-sphere electrode geometry, d = 0.225 in.) .  



Figure 11. Breakdown voltages, VS, o f  pure SF6, 40% Ar + 40% N2 + 20% SF6 and 

40% Ne + 40% N, + 20% SF6 as a  f u n c t i o n  o f  pressure a t  a  f i x e d  gap distance 

(sphere on sphere-sphere e lec t rode geometry, d = 0.325 in . ) .  

F igure  12. Breakdown vol tage o r  corona onset  as a  f u n c t i o n  o f  e lec t rode 

separa t ion  d is tance f o r  t h e '  mix tures  

@ 40% Ar + 40% N2 + 20% SF6 

@ 40% Ne + 40% N2 + 20% SF6 

@ 60% Ar t 20% N; + 20% SF6 

@ 60% Ne + 20% N2 + 20% SF6 

[P = 500 t o r r ;  square rod-plane geometry] 

E r r o r  bars a re  one standard dev ia t ion ;  where n o t  s p e c i f i c a l l y  ind ica ted,  

e r r o r .  (s tandard d e v i a t i o n )  i s  approximately the  s i z e  o f  the data p o i n t .  

F igure 13. Corona onset  vo l tage 'as a  f u n c t i o n  o f  e lec t rode  separa t ion  distance 

us ing square rod-plane e lec t rode  geometry and 3500 t o r r  pressure f o r  

@ 40% Ar + 40% N, + 20% SF, 

The e r r o r  bars are  one standard dev ia t ion .  



Figure 14. Computed electron energy dis tr ibut ion functions, f ( ~ . ,  EIP.), for  

pure Ar and pure Ne a t  E/P298 = 0.5 and 1.0 V cm-I torr- l .  The broken and 

sol i d  l i n e s  are the resu l t s  of recent calculations by McCorkle ( D .  L. McCorkle, 

pr ivate  communication, 1978). The data points (o for  E/P = 0.5 V cm-I torr'l 

and o fo r  E /P  = 1.0 V cm-I t o r r l ) ' a n d  the f ( e ,  E/P) for  E/P = 2 V cm-I t o r r - l ,  

f o r  Ar a re  the r e su l t s  of e a r l i e r  ca1culati:ons (see Christophorou 1971). To aid 

the discussion in the t e x t  the low-energy part  of the electron impact ionization 

cross sect ion,  ( a i )  , of Ar and, (o i l  . o f  Ne i s  a l s o  shown in the figure. 
Ar Ne 

Figure 15. u/N ( i n  units of cm2) and a/P298 ( in  units of cm-I tor r - I )  versus 

E / N  ( in  uni t s  of V cm2) and E/P298 ( i n  uni ts  of V cm-I tor r - I ) .  The u/N d a t a  

a r e  from Krui thof (1940) [see Dutton (1975)l. 
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APPENDIX C 

FIELD EMISSION FROM AN ATOMIC OR MOLECULAR NEGATIVE ION 

Harold C. Schweinler 

We present  here a  t h e o r e t i c a l  c a l c u l a t i o n  o f  the  t r a n s i t i o n  proba- 

b i l i t y  per  u n i t  t ime o f  an e l e c t r o n  from a  negat ive i o n  s t a t e  t o  a  con t i n -  

uum s t a t e  i n  f r e e  space under the in f luence o f  a  s t a t i c  e l e c t r i c  f i e l d .  

We have been ab le  t o  c a r r y  o u t  the c a l c u l a t i o n  on l y  f o r  s  s ta tes  ( sphe r i -  

c a l  l y  symmetrical ) o f  the  o r i g i n a l  negat ive ion .  

We do n o t  need any d e t a i l s  of the i n t e r n a l  s t r u c t u r e  o f  the  molecular  

i o n  except  t h a t  t he  energy o f  the highest-energy occupied l e v e l  i s  Eo = 

-(EA), where "EA" stands f o r  "e lec t ron  a f f i n i t y . "  I n  f a c t ,  we can i d e a l i z e  

the  i o n  as a  " spher i ca l  square w e l l "  of rad ius  ro and depth -Do; the  

p o t e n t i a l  energy can be taken t o  be 

i n  t he  ~ c h r o d i n g e r  equat ion f o r  the wave f u n c t i o n  I J I ~  o f  the h ighes t  

occupied 1  eve1 

,fi - - v2 $0 + V ( ~ ) Y I ~  = E  $o. 2m (1  1 

Here T i s  P lanck 's  constant  d i v i d e d  by ZIT, m i s  the mass o f  the  e lec t ron ,  

and $ i s  Laplace 's  operator .  We need o n l y  the s o l u t i o n  i n  t he  ex te rna l  

r e g i o n  r > ro, namely, $, = C e-Kr/r. When t h i s  s o l u t i o n  f o r n $ ,  i s  
1/ 2. 

s u b s t i t u t e d  i n  Eq. ( I ) ,  we f i n d  t h a t  Eo = -h2,2/2m,  or^ = [ 2 m ( ~ A ) / f i ~ ]  . 
We choose C so t h a t  the  p r o b a b i l i t y  o f  f i n d i n g  the e l e c t r o n  ou ts ide  o f  r = 

ro i s  a  f r a c t i o n  f :  



This g ives  C = ( ~ . f ~ ~ a ) ~ / ~  exp ( ~ r ~ ) .  We t h i n k  o f  f as a  d isposable 

parameter, i n  the  general  range o f 0 . 0 2  t o  0.20 o r  so. 

When the e l e c t r o n  i s  i n  f r e e  space s u b j e c t  o n l y  t o  t he  f i e l d  F y  

i t s  Schrtldinger equat ion  i s  

Here the  charge on the  e l e c t r o n  i s  -e, and we want t he  force on the  

e l e c t r o n  t o  be i n  the  +z d i r e c t i o n ,  so F w i l l  be a  negat ive  number. To 

remind us t h a t  F < 0, we s h a l l  subsequent ly use the  combinat ion (-eF), 

which i s  o f  course ' p o s i t i v e .  We s h a l l  take p e r i o d i c  boundary cond i t i ons  

i n  the x  and y d i r e c t i o n s :  q ( x  + L1, y ,  z )  = q (x ,  y ,  z )  and q(x ,  y + 

L2, z )  = +(x,  y, z ) .  When we separate v a r i a b l e s  i n  Eq. ( 3 ) ,  we f i n d  t h a t  

t he  x  and Y dependence i s  g iven  by exp i ( k x x  + kyy). The z  dependence 

of  Eq. (3 )  i nvo l ves  the  Airy i n t e g r a l .  

( exp i (WC + w3/3)dw A i ( 5 )  = 
-03 . . 

Th is  i s  a  t abu la ted  func t i on ,  b u t  we sha ' l l ,  need o n l y  . i t s  asymptot ic  

behavior  f o r  l a r g e  5 > 0  

(Several  d e f i n i t i o n s  o f  t he  Airy f u n c t i o n  are i n  use; ours i s  t h a t  of 

Mo t t  and Massey. l )  We f i n d  t h a t  t he  s o l u t i o n  t o  Eq. ( 3 )  i s  p r o p o r t i o n a l  t o  

exp i ( k x x +  kyy) ~ i { - ~ [ z  + E / ( - e ~ ) ] )  

where B i s  de f ined  below and E = E - fi2(k: + k$)/2m. For wave f u n c t i o n  



norma l i za t i on  a  f a c t o r  ( L 1 L 2 ) - l I 2  i s  requ i red  f o r  the  x and y dependence 

o f  t h i s  equat ion, and the  p e r i o d i c  boundary equat ions r e q u i r e  t h a t  kxLl 

and kyL2 each be an i n t e g e r  t imes 2a. We s h a l l ,  i ns tead  of summing over 

these d i s c r e t e  values o f  k, and ky, i n t e g r a t e  w i t h  respect  t o  kx and ky 

f rom negat ive  i n f i n i t y  t o  i n f i n i t y ;  t h i s  requ i res  fac tors  L1/2r and L2/2a. 

The A i r y  f unc t i on  requ i res  a  c o e f f i c i e n t  A f o r  "de l ta - func t ion- in -energy"  

normal iza t ion ,  which i s  e s p e c i a l l y  use fu l  i n  our case. We s h a l l  n o t  g i ve  

d e t a i l s  here; they can be found i n  Landau and L i f s h i t z 2  ( b u t  note t h a t  

Landau and L i f s h i t z ' s  A i r y  f u n c t i o n  i s  fi t imes ou rs ) .  

P u t t i n g  a1 1  these cons idera t ions  together ,  our  adopted s o l u t i o n  t o  

Eq. ( 3 )  i s  

Ilkx k y ~  ( x ,  Y, Z )  = ( L I L ? ) - ~ / ~ ,  A exp i (kxx + kyy)Ai 

where A  = 2, 1 / 3 ( - e ~ ) - 1 / 6 ,  B = [2m(-eF)/f i  2 ]1 /3 ,  and = E - 
f i 2 ( k i  + k$)/2m. The no rma l i za t i on  i s  ( i n t e g r a t i o n  over a l l  space) 

The problem which we want t o  solve i s  the  tittle-dependent Schri jdinger 

equat ion  f o r  the i o n  i n  a  ( s t rong )  e l e c t r i c  f i e l d ,  namely, 

s u b j e c t  t o  i n i t i a l  cond i t i ons  . t h a t  the  e l e c t r o n  be i n  t he  i o n  a t  t = 0. 

For the  wave f u n c t i o n  we take 



We fi-nd, upon s u b s t i t u t i n g  i n  Eq. ( 7 ) ,  m u l t i p l y i n g  by 9; 
X Y  , 

i n t e g r a t i n g  over  a1 1 space, and i n t e g r a t i n g  w i t h  respect  t o  t ime, 

C(kxkyEt) = <kxkyEleFzlo> (1 - exp i ( E  - ~ o ) t / f . ) / ( ~  - Ed). (9 )  

Here we have used the Dirac n o t a t i o n  f o r  the  m a t r i x  element 

<kxkyEleFzlo> = JJ J$*kXky' eFz 'lo dxdydz 
. . 

Equation ( l o ) ,  i t  w i l l  soon be seen, w i l l  be needed on l y  fo r  E  = Eo 

(conservat ion o f  energy). For t h i s  case the i n t e g r a l  over space can 

be evaluated; there  remains the i n t e g r a l  over  the  v a r i a b l e  w used i n  

d e f i n i n g  the Airy func t i on .  I n  t h i s  l a t t e r  i n t e g r a l ,  a f t e r  an i n t e g r a t i o n  

b.y pa r t s ,  the r e s u l t i n g  i n t e g r a l  i s  of the  same form as Eq. (4 ) ,  which 

de f ined the A i r y  f u n c t i o n !  The r e s u l t  i s  

Our i n i t i a l  c o n d i t i o n  gave Co(o) = 1, C(kxkyEo) = o. The p r o b a b i l i t y  
. . 

of being i n  any o the r  s t a t e  than $0 a t  a  l a t e r  t ime t i s  

From Eq. (g), I C I 2  con ta ins  the  fac to r  I 1  - exp i ( E  - E o ) t / f ~ ) / ( ~ -  Eo) I2,  
. 

which i s  shown3 t o  be equ iva len t  a t  moderate t imes t 

t o  (2a/fi ) t  6(E - €0) .  The p r o p o r t i o n a l i t y  t o  t enables us t o  def ine a .  . . 

p r o b a b i l i t y  per  u n i t  t ime, P / t .  The 6(E - Eo) pe rm i t t ed  us t o  rep lace E  

by Eo i n  going from Eq. (9 )  t o  Eq. . ( l l ) .  A f t e r  the energy i n t e g r a t i o n  i n  
. . 

Eq. (12) i s  performed, the kx, ky i n t e g r a t i o n  can be c a r r i e d  o u t  because .. . 

from Eq. (11) kx and ky e n t e r  i n  the combination ka + k;, i n  the  case of 

l a r g e  argument o f  the, A i r y  f u n c t i o n  [see Eq. (5) ] .  The r e s u l t  i s  



This  formula i s  e a s i e r  t o  survey i n  terms o f  the atomic u n i t s  o f  l eng th  

a~ = fi2/me2 = 0.53 x 10-8 cm and energy e 2 / 2 a ~  = 13.6 eV, i n  terms o f  

which the  bas ic  f i e l d  s t r e n g t h  i s  e/a$ '2 5 x l o 9  vo l t /cm and the bas ic  

t r a n s i t i o n  p robab i l  i ty i s  (e2/2aH)/% = 2 x 1016 .sec".l, Thus- if we def ine 

(E"A) = (EA)/13.6 eV, to = r0/aH, and k = F / (5  x l o 9  vo l  t/cm), Eq. (13) 

becomes 

T r a n s i t i o n  p r o b a b i l i t y  per  u n i t  tfme = 

Several comments a r e  i n  order .  F i r s t ,  the "ou ts ide"  form o f  the 

wave func t i on  $o = C e x p ( - ~ r ) / r  was used throughout space i n  d e r i v i n g  

q .  1 1  The Airy f u n c t i o n  i s  so smal l  i n  the sphere r < r o  t h a t  th.is 

procedure i s  j u s t i f i e d ;  t he  ~ r ~ a i n  c o n t r i  F ~ t i o n  t o  thc  i n t e g r a l  coilles from 

r >> ro. Second, t h i s  c a l c u l a t i o n  re fe rs  o n l y  t o  the  case o f  s p h e r i c a l l y  

symmetrical wave func t ions  $o; i t  would be ,va luable t o  have a correspond- 

i n g  c a l c u l a t i o n  f o r  o the r  angular  momenta. However, I see no way o f  

c a r r y i n g  o u t  t he  l a t t e r  c a l c u l a t i o n .  When one considers t h a t  an eleven- 

f o l d  i n t e g r a t i o n  i s  imp1 i e d  by Eq.' (12) (C  and C* a re  each f o u r - f o l d  

i n t e g r a l s ) ,  i t  was perhaps fo r tunate  t h a t  the  p robab i l  i t . y  per  u n i t  t . ime 

cou ld  be car r ' ied  t o  a r e l a t i v e l y  simple f i n a l  formula i n  the  spec ia l  case 

, o f  sphe r i ca l  symmetry. Thi rd,  the  i n i t i a l  bracketed expression i n  Eq. (14) 

can be considered t o  be a s i n g l e  parameter ( o f  o rder  u n i t y ) ;  when thus 

viewed we have a one-parameter theory. F i n a l l y ,  the  p r i n c i p a l  p a r t  o f  

the  v a r i a t i o n  i n  our f i n a l  Eq. (14) a r i s e s  from the exponent ia l  term. 
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APPENDIX D 

INTERNAL CORRESPONDENCE 

flUCLEAR DlVlSlON , POST OFFICE BOX Y.  OAK RIDGE. TENNESSEE 37831 

TO I N ~ ~ O )  Dr. L. G .  Christophorou oat. June 30, 1978 
C 0 m p . n ~  Health and Safety Research Division . 
Location Originating Dept. 

Subject Acute inhalation tox ic i ty  
of perf1 uoro-butene-2 
i n  m i r ~  

On June 15, 1978, ten  male RALB/C six-week-old mice whose average 
weight was 20.5 grams were exposed t o  perf1 uoro butene-2 a t  a nominal 
concentration of 1000 ppm i n  a i r  a t  a t o t a l  flow r a t e  of 12 l i t ~ r s  per 
minute in  a 40 l i t c r  chamber. T11e flow Pate of the t e s t  substance was 
determined by water displacement t o  be 12 cc per minute, This r a t e  bias 
reached a t  21-1/2 hours and was found t o  be 10.6 cc per minute and was 
adjusted t o  12 cc  per minute. The chamber was allowed t o  equi l ibra te  f o r  
15  minutes before t he  mice were placed in  t h e  chamber f o r  the exposure. 
The mice were observed f o r  t he  f i r s t  2-1/2 hours a t  15 t o  20 min in t e rva l s  
and again a t  21-1/2 hours. They were t ransfer red  t o  a mouse cage a t  
22 hours and 45 minutes. 

No abnormal behavior was seen during the  f i r s t  2-112 hours of 
exposure. A t  21-1/2 hours the  mice exhibited labored breathing and were 
almost too  weak t o  move around and remained i n  t h i s  condition u n t i l  removed 
from the exposure chamber. Two days a f t e r  the  beginning of the  exposure 
2 mice had died. On day 3 ,  5 more died and on day 4 and 5, 2 and 1 died 
respec t ive ly .  

Perfluoro butene-2 i s  le tha l  t o  mice when exposed t o  1000 ppm 
under t h e  conditions described. 

On June 22, 1978, ten ,  six-week-old male BALB/C mice were exposed 
t o  per i luoro  butene-2 a t  a nominal concentration of 103 ppm in a i r  a t  a 
t o t a l  flow r a t e  of 12 l i t e r s  per minute i n  a 40 l i t e r  chamber. The flow 
r a t e  of t h e  perfluoro butene-2 was determined by water displacement t o  be 
12 cc  per minute before placing the mice in  the chamber. This flow r a t e  was 
checked a t  2 hours and 7 hours. The chamber was allowed t o  equ i l i b ra t e  f o r  
20 minutes a f t e r  beginning the gas flow i n t o  the chamber and before timing 
was begun. The exposure was f o r  e ight  consecutive hours. Both a i r  and t e s t  
substance were passed thr0ugh.a glass  tube immersed in crushed ice.  

The mice were observed hourly while i n  the chamber and the  observations 
recorded. The mice a t e ,  s l e p t  and investigated t h e i r  surroundings in a 
manner judged t o  be typical  of unexposed mice. 



Dr. L. G .  Christophorou June 30, 1978 

After removal of the mice from the exposure chamber they were placed 
in a mouse cage. A t  the end of seven days the mice were alive, healthy and 
behaving normally. 

No acute toxicity was detected when inhaled by mice under the 
conditions described. 

MEB/ jms 
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Abstract - Improved gaseous d i e l e c t r i c s  are  being 
designed on the  bas i s  of knowledge of f~tndmantal  olcc- 
tron-molecule in teract ions .  Within t h i s  program a re  
herein reported breakdown measurements f o r  four binary 
mixtures (SP6/N2, c-C4E'8/N2, 2-C4Fg/N2, and 2-Ct+F6/N>) 
of various propartions fof the p rac t i ca l  conditions of 
cy l ind r i ca l  geometry, surface roughness, contamination 
by  f r e e  conducting pa r t i c l e s ,  and e lec t rode material  
composition. Each of these binary mirtrlres teamo to- 
gbther one gas t h a t  primarily de-energizes f r ee  elec- 
t rons  and one gas tha t  removes f r ee  e lec t rons  from the 
d i c l ec tx i c  by electron attachment. Under all. condi- 
t i ons  the  binary mixtures containing  SF^ were the worst 
of t h e  four tes ted ,  and t h i s  is  explained i n  terms of 
fundamental electron-molecule in teract ion processes. 

INTRODUCTION 

Some i n i t i a l ,  more basic,  r e s u l t s  of a systematic 
program t o  develop improved gas d i e l e c t r i c s  fo r  power 
system insula t ion through guidance from knowledge on 
bas i c  electron-molecule in t e rac t ions  have been reported 
previously (11 .  This paper repor ts  i n i t i a l  r e su l t s  of 
a program of small sca le ,  application-oriented, tes t ing 
t h a t  has been phased i n t o  a wider program a t  Oak Ridge 
National Laboratory (0-RNL) on gaseous and l iqu id  di-  
e l e c t r i c s  to: (1) screen proposed d i e l e c t r i c s  concern- 
ing t h e i r  h h d v i o r  under power-apparatus conditions, 
(2) co r re l a t e  behavior under power-apparatus condi- 
t i o n s  with bas ic  electron-molecule in teract ions  and 
unifo-rm-field tes t ing,  and (3) i den t i fy  appropriate 
d i e l e c t r i c s  and engineering ru l e s  f o r  t h e i r  applica- 
t i on .  

The bas ic  approach, a s  we have described e a r l i e r  
(e.g., Refs. 121 to [S]) ,  is t o  i n h i b i t  breakdown by 
l imi t ing  the numbers and energies of f r ee  electrons in 
c. gas urider e l e c t r i c  s t r e s s .  The electron-molecule- 
photon in t e rac t ion  processes determining the  breakdown 
i n i t i a t i o n  are  qu i t e  complex [2,5,61, and su f f i c i en t  
quan t i t a t ive  information has been compiled only recent- 
l y  which helps ident i fy  good d ie l ec t r i c s .  We have 
argued e a r l i e r  [ l l  t ha t  improved d i e l e c t r i c s  w i l l  be 
mixtures of severa l  gases because (1) the f r e e e l e c -  
t rons  co l l ec t ive ly  possess a wide range of energies 
while the most im-wrtant bas ic  processes of i n t e r e s t  
a r e  resonant, and hence they a re  strong functions of 
energy; and (2) no single gas can have a l l  the dasir-  

'Research sponsored by U.S. Department of Energy under 
contract  W-7405-eng-26 with Union Carbide Corporation. 

able electron-molecule in teract ion properties covering 
the au t l r e  range o t  e lec t ron energies.  

The d e t a i l s  of the  basic p a r t  of the ORNL program 
or1 d i e l ec t r i c s  have been presented elsewhere ( [ l ]  t o  
151) and can bo summarized a s  follows: the most impor- 
t a n t  e lec t ron control mechanism i n  a gas under e l e c t r i c  
s t r e s s  i s  electron attachment to gas molecules. Break- 
down experiments indicate the bes t  d i e l ec t r i c s  are 
those Ll~al: control elect rons  well a t  energies below the 
gas e lec t ronic  excitation threshold energy, and tha 
act.ua1 ionization process d e t a i l s  a r e  apparently l e s s  
important than the attachment process in  preventing 
breakdown IS]. Nixing gases i s  then advantageous since 
no one gas attaches e lec t rons  well f o r  a l l  the energies 
of the electrons present. Attachment becomes more 
d i f f i c u l t  for a l l  atraching gases a t  high electron en- 
e rg ie s  ( typical ly  above 2 eV), so t h a t  gas components 
a re  included which can remove energy from electrons 
escaping the e f f i c i en t  low-energy attachment range, 
returning them to the energy region where a t t a c h ~ e n t  i s  
ef fec t ive  and away from the ionization threshold. 
(There are  many mechanisms fo r  molecular a b s o ~ t i o n  of 
electron energy, which are  found in [6]) .  

The t r ad i t iona l  Townsend and streamer models of 
breakdown employ lumped parameters such a s  the mean 
distance traveled by e lec t rons  before they e i the r  a t -  
tach to ,  o r  ionicc,  a gas r~~lulercule; these parameters 
are  determined by the many fundamental electron-mole- 
cule in teract ions  but are  not  su f f i c i en t ly  detailed t o  
suggest how mixtures should be formulated. However, 
these breakdown models (the streamer model being more 
successful in good gas d i e l ec t r i c s )  a r e  useful i n  for- 
mulating engineering design ru l e s  f o r  the use of a 

gas d i e l ec t r i c .  
The character is t ics  and problems of power appara- 

t u s  must d i c t a t e  the usefuln'ess of any gas d i e l ec t r i c .  
The development of improved gas d i e l e c t r i c s  i s ,  there- 
fore ,  a t r i logy:  (1) discovery (based on fundamental 
research),  (2) design [with ru les  derived from (111 
and (3) use i n  power systems ( a f t e r  appropriate 
screening on a s m a l l  sca le  and proving on a larger  
scale)  . 

This paper reports the  i n i t i a l  t e s t s  of a compara- 
t i v e  study of screening gas mixtures under the "practi-  
ca l"  conditions of cyl indr ica l  geometry, varying sur- 
face roughness, contamination by f r ee  conducting pa r t i -  
c l e s ,  and varying conductor materials.  Four d i f f e ren t  
d i e l e c t r i c  gases were chosen fo r  t h e i r  excellent elec- 
t ron attaching capab i l i t i e s  and d i e l e c t r i c  strengths 
under uniform f i e l d  t e s t ing  [1,3,41; each of these was 
mixed i n  various proportions with N p ,  a gas which can 
absorb energy from elect rons  which escape the lower (&2 
eV) energy range where attachment is very e f f i c i en t ,  
returning them t o  tha t  energy range. A l l  experiments 
were a t  1 atmosphere (101 kPa) pressure and room tem- 
perature (~21°C) .  

APPARATUS AND PPOCEDURE 

Electrodes 

A typical  concentric-cylinder electrode system 
employed in the present study is shown i n  Fig. 1. The 
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Fig. 3. Interior of shielding cage. (Instrumentation 
and controls are outside.) (1) chamber; (2) 
rear cage w a l l ;  (31 f150 kV dc supply; (4) BV 
cable out of supply; ( 5 )  W divertar gap elec- 
trode on corona shield; (6) W cable into 
chamber; ( 7 )  vacuum prrmps; (8) diverter gap 
motor and trigger source; (9) cage feedthrough 
panel; (10) HV feed-ugh into chamber; (11) 
ground electrode of diverter gap. 

~ l e c t r i c a l  Apparatus 

Ln Fig. 3 f s  shown the double layer copper mesh 
cage that  isolates the spark electrical noise. Me 
single system ground is located on the cage feedthugh 
panel, which contains radio-frequency r e j a c m  feed- 
thmughs for instrumentation and control signals. 

The high voltage p e r  supply provides 0 to 2150 
kV dc by means of a voltage doubler circuit in which 
vacuum diodes charge.two series 0.006 VF capacitors in 
oil .  Also in  the o i l  i s  a 300 MQ resistor string, 
which forms a 1000:l divider with external resistance 
to  ground for voltage measurement, and a 100 kll 
resistor string in series with the high voltage output. 

h conducturg the breakdown measurements the high 
voltage i s  sampled repeatedly by a digital voltmeter, 
as the high voltage is s l w l y  increased a t  the rate of 
%lo0 vs-l. When breaMawn is sensed by an automated 
controller (11 it disables the digital  voltmeter Mm- 
pling, thus preserving the voltage reading just prior 
to  breakdown. The meter sampling rate and high Voltage 
r i se  rate are chosen to make the error negligible (-5 V) 
between th is  preserved reading and the actual breakdown 
voltage. The automated controller can also control the 
high voltage, raising it a t  an appropriate, slow rate 
and lowering it quickly upon breakdown, and then re- 
starting the cycle after an appropriate de19y. The 

breakdown is sensed by voltage on resistors i n  the 
electrode connection to ground* but an optical spark 
pickup is also incorporated which employs a lens, a 
light pipe, and a pl~utcnransiltor in tandaa,. 

In crder to  l i m i t  dissharge enarrJy jn t e s t  yap 
(upon breakdown) more quickly than by jut re~.ucing EM 
pcnrer m p ~ l y  input, a triggrned a* gap (nmbers 5 and 
ll i n  Fig. 3) shorts the W b e ,  between m r  sripply 
and chamber, to ground in  tens of micwseconds. This 
gap is formed by two 6-in.-diameter s-ss s t ee l  
haniapherer. the lara* (high wltaqel nnr me** an a 
3OWRV Corona ring uhila the upper QM lymund r l ec  
trwle) is maMble through a motor driven chain ouspena 
sion. The gap is triggered by a 5PkV spark applied to  
an insulated tungsten rod inside a hole i n  tba center 
cif the ground electrode, as i n  a *trigatron* gap. 

Brperimental Rocedure 

The t e s t  QLectrdes are carefully cle- and 
-=tdr and the chambcrz'is pumped to  a vacuum level of 

Pa (n.10'~ atmospheres). lest gases are admitted 
via previously eoacuated lines and vacuum quality 
valves to form mixtures expressed accordinq to pr+.ial 
pressures. 72'18 ta+al m h t u r e  pressure is &way¶ 1 
atmsphega. The di vzrtor gap l a  set by the mawr an& 
manually test-fired a t  high voltage near the antici- 
pated breakdown level. Tbe high voltage is se t  (either 
autclMticaUy by a feedback system or manually) to- 
begin a t  a "baseg value below the anttnfpated breakBown 
1am1, r i se  slowly ( a00  VS-1) unti l  breakdown occus, 
8nd then quickly return to the "basew value. Upon 
braakdown the autamatic controller preserves the l a s t  
voltmetfir raa/ding just bafom lueakdwm Md f i r e s  the 
diverter gap. After a suitable pause the controller 
repeats the cycle. In particle-effects studies tuo 
investigators participate, one a t  the control panel and 
the other a t  the chambar window. The l a t t e r  visually 
verifies that every recorded brealcdom is produced by a 
single free particle as in power apparatus 17-11] and 
not by some peculiar mechanism (e.g., by two aligned 
particles or  by particles clinging to  the insulating 
particle barrier) . Trapped particles (e.g.. those par- 
t ic les  clinging to ~laxiglas  or apt-welded to  an 
electrode) are freed by letting the remaining (free) 
particles bounce a t  a voltage below breakdown or  by 
pulsing the high voltage. 

Four diff-t binary gas *urea have been stud- 
id, each consisting of one electron-attaching gas and 
nitrogen, whose role is to de-energize electrons reach- 
ing higher energies and return them to the lower enerr1 
range whem attachment by the partner gas is most ef- 
fective. For each mixture, various compositions have 
been tried, froln the pure nitrogen to the pure electron 
attaching gas. 

The attaching gases were SE6 (sulfur hexafluoride) , 
c-C4Pg (parfluorocyclobutana), 2-CbP8 (perflu~lobutene- 
2) and 2-C4F6 (hexafluoro-2-butyne) . Electron attach- 
ment cross sections a s  functions of electron enexgy for 
these gases, uniform field breakdam data for them and 
their binary mixtures with nitrogen. have been given in 
111. Sulfur hemfluoride attaches electrons well a t  
energies belw M.4 eV. while the other gases attach 
electrons efficiently over a much wider energy range, 
%0.0 to 1.4 eV. A l l  of the other perfluorocarbon gases 
tested displayed higher breakdown strengths than SFg. 
an8 this  was at+ributed to their ability to control 
electrons over a wider energy range than does. It 
was also observed that as SF6 was increasingly substi- 
tuted for nitrogen in the SFg& mixtme (at a constant 
total pressure), the dielectric strength saturated (at 
%20% SF61 and was not appreciably increased by further 
substitution of SF6 for & wen though pure  SF^ has a 



uniform f i e l d  d i e l e c t r i c  s t rength  s2.5 times t h a t  of 
pure N2. The perfluorocarbon/nitrogen mixtures did not 
exhibi t  t h i s  sa tura t ion  e f f ec t ,  but instead,  they a l -  
ways gave improvement a s  the perfluorocarbon content 
was increased a t  cons tmt  t o t a l  pressure. This satur-  
a t ion  was a t t r i bu t ed  [11 t o  the f a c t  t h a t  Sf6 c a p  
tu re s  e lec t rons  e f f i c i e n t l y  only a t  very low energies 
($0.4 eV) and sa tura t ion  is, thus,  reached once a la rge  
number of e lec t rons  i n  thi's energy range i s  attached. 
Pedersen. [I21 has endeavored t o  approximate theoreti'- 
c a l l y  the shape of t he  breakdown voltage v s  percent of 
SF6 fn N2 curve (uniform f i e l d  data ,  Fig. 4) .  but here 
the observed sa tura t ion  e f f e c t  i s  noticeably Gtronger 
t h a n  h i s  predictiun.  
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Fig. 4. Breakdown voltages i n  three cyl indr ica l  geome- 
t r i e s  f o r  SF6/N2 mixtures a t  1 atmosphere and 
s21°C. Mixtures a r e  i den t i f i ed  by the  per- 
centage of SF6 by pressure. The uiiiform f i e l d  
breakdown curve has been normalized t o  each 
point  f o r  pure N2 with negative polar i ty .  

Nitrogen acted a s  an appropriate partner f o r  each 
a t taching gas because N2 de-energizes e lec t rons  with 
energies of approximately 2 t o  3 ev, [2-51 thus 
"guarding" the range ju s t  above tha t  where t h ~  elect-on 

.at taching gases are  ef fec t ive .  
Figures 4 t o  7 show breakdown.voltages ( fo r  both 

inner-cylinder p o l a r i t i e s )  f o r  mixtures of SF6/N2. 
c-C~FB/N~, 2-C4Fg/N2, and 2-C4F6/N2, respectively and 
f o r  smooth, s t a i n l e s s  s t e e l  inner  cyl indr ica l  e lec-  
t rodes  of 1.4, 0.75,  and 0.4 cm rad i i .  These th ree  
r a d i i  correspond respectively t o  increasingly nonuni- 
form f i e l d s  and t o  r a t i o s  of outer electrode radius  + 
inner electrode radius  of 0.5 e ,  e ,  and 2 e (where e = 
2.72). For the sake of comparing curve shapes, t h e  
graphs a l s o  contain d a t a o n  uniform f i e l d  breakdown 
voltage versus percent of e lec t ron attaching gas i n  N2, 
normalized to the point  fo r  pure N2 fo r  negative polar-  
i t y .  The e r r o r  bars  i n  Figs. 4 to 7 show combined 
estimated systematic and observed random errors ;  t he  
r e l a t i v e  values would be l e s s  uncertain. The observed 
random e r r o r  was standard deviation t mean of a t  l e a s t  
ten  observations and was 53% f o r  each p lo t ted  da t a  
point. 

In t he  SF6/N2 data  of Fig. 4 ,  the  sa tura t ion  e f f e c t  
we elaborated upon e a r l i e r  is evident i n  the normalized 
uniform f i e l d  curves. This cha rac t e r i s t i c  sa tura t ion  
however, is not  a s  pronounced in the data  taken w i t h  
t he  cy l ind r i ca l  electrode geometry, and it seems t o  be 
l e s s  pronounced a s  the f i e l d  becomes more nonuniform 
(in the  order 1.4-, 0.75-, and 0.4-cm r a d i i ) .  

In t he  fluorocarbon/Np r e s u l t s  i n  Figs, 5 t o  7 t he  
c w e  of breakdown voltage versus percent of a t taching 
gas i n  N2 is always nearly a straight l i n e .  Each 
fluorocarbon/N2 mixture i s  s t i l l  b e t t e r  than the  SF6/ 
N2 mixture fo r  a l l  cyl indr ica l  electrode geometries 
tested.  In Figs. 5 to 7 is seen an occasional ten- 
dency f o r  the negative breakdown voltage t o  exceed 
s l i g h t l y  t he  pos i t ive  breakdown value, which did no t  
occur i n  the  SF6 data;  *is is  t en t a t ive ly  a t t r i b -  
uted t o  negative corona due to the  g rea t e r  e lec t ron 
capture a b i l i t y  of the fluorocarbons. 

In Figs. 4 to 7, it can be seen t h a t  the breakdown 
voltage is  the  highest  f o r  the0.7Scm inner-electrode 
radius.  This is in agreement with t he  f a c t  t h a t  ~ 5 t h  
( i n f i n i t e l y  long) concentric cylinders with a given 
voltagebetween them and a given outer radius,  t h e  low- 
e s t  f i e l d  on the  inner e lec t rode  surface occurs f o r  an 
outer  radius  + inner radius  r a t i o  of e. It should be  
noted t h a t  t he  e f f ec t  of f i e l d  fringing a t  the  open 
ends 9f  t he  electrodes is to lower the  f i e l d  i n s ide ,  
and t h i s  e f f e c t  is more pmnounced fo r  smaller i m e r  
r a d i i ;  hence the  observed breakdown voltage f o r  t he  
0.4-CHI h e r - e l e c t r o d e  radius  i s  almost a s  high a s  t h a t  
f o r  the  0.75-winner-electrode radius.  The data  a r e  
useful  f o r  comparina the  e f f e c t s  various f ac to r s  have on 
the  breakdown strengths with any one inner radius,  and 
f o r  comparing the.shapes of the  breakdown voltage v s  
percentage of attaching gas in  Nz curves a s  one v a r i e s  
t he  inner-electrode radius  (and thus the degree of 
f i e l d  n o r i u n i f o d t y ) -  

Finally.  m Fig. 8 we p l o t  t he  breakdown voltage,  
Vs, a s  a function of percent of a t taching gas i n  N 2  
f o r  the  0.4-m inner-electrode radius  and negative po- 
l a r i t y  . Based on these data  and the  overa l l  capabil-  
i t y  o f ' t hose  gases t o  remove e lec t rons  v i a  attachment 
in the energy range 0 t o  s1.4 eV (i .e. ,  the  energy 
in tegra ted  e lec t ron attachment cross  section) (121, it 

.appears t h a t  the l a rge r  the  ove ra l l  capabi l i ty  f o r  
e lec t ron removal of an a t taching gas addit ive,  t he  l e s s  
, the breakdown strength of the mixture su f f e r s  i n  non- 
uniform f i e ld s .  From similar data usinq inner-elec- 
trodes with other (1.4- and 0.75-cm) r a d i i  it was 
observed t h a t  a s  the f i e l d  becomes more nonuniform 
(i.e.. a s  the  inner-electrode radius decreases from 1.4 
to  0.75 and 0.4 cm) the percent of perfluorocarbon 
addi t ive  in N2 a t  which the Vs i s  roughly equal t o  the  
Vs of the  SFg/N2 mixture, decreases. For example. f o r  
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Fig.  5. Breakdown voltages i n  three  cy l ind r i ca l  geome- 
t r i e s  f o r  c-CbFg (perfluorocyclobutane)/N2 
mixtures a t  1 atmosphere and %21DC. Mixtures 
a r e  i den t i f i ed  by the percentage of c-C4F8 by 
pressure.  The uniform f i e l d  breakdown curve 
has been normalized t o  each po in t  f o r  pure N2 
with negative polar i ty .  
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Fig. 6. Breakdown voltages i n  three  cyl indr ica l  geome- 
t r i e s  f o r  2-C4F8 (perfluorobutene-2)/N2 mix- 
t u re s  a t  1 atmosphere and %21°C. Mixtures age 
iden t i f i ed  by the  percentage of 2-C4F8 hy 
pressure. The uniform f i e l d  breakdown curve 
has keen normalized to  each point f o r  pure N~ 
with negative polar i ty .  
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Fig. 7 .  Breakdown voltages i n  three  cyl indr ica l  geome- 
t r i e s  f o r  2-C4F6 (hexafluoro-2-butyne)& mix- 
t u re s  a t  1 atmosphere and %21°C. Mixtures a r e  
i den t i f i ed  by the  percentage of 2-C,,F6 by 
pressure. The uniform f i e l d  breakdown curve 
has been normalized t o  each point  f o r  pure % 
w i t h  negative polar i ty .  

Fig.. 8. Breakdown voltages of a l l  at taching g a s h  bi-  
nary mixtures studied,  with negative po la r i t y  
on the 0.4-CK-radius inner  cyl indr ica l  elec- 
trode a t  1 atmosphere and %21°C. Mixtures a r e  
ident i f ied  by the  percentage of attaching gas 
by pressure. (The 2-C4F6/N2 curve has been 
extrapolated f o r  the  percentage of 2 - q ~ ~  D 

409.) 

the  c - C ~ F ~  mixture the  breakdown voltage vs  percent of 
c-C4Fe in N2 c rosses  the  s imi lar  curve f o r  t he  S F ~ / N ~  
mixture a t  -6, 1.42 and %28%, a t  inner-electrode r a d i i  
of 1.4, 0.75,  and 0.4 cm, respectively.  Similarly,  f o r  
the 2-C4Fg/N2 mixtures t he  respect ive  percentages a r e  
51, 17, and 0%. This i nd ica t e s  the  s u p r i o r i t y  o f  the  
perfluorocarbon/nitrogen mixtures over the  SF /N mix- 

6 2 t u re s  under these conditions of nonuniform f i e ld s .  

MEASURED E F ~ C T S  OF SURFACE ROUCZINESS 

To study the e f f e c t  of surface roughness on t h e  
d i e l e c t r i c  strength of the four mixtures of a t taching 
gases with nitrogen, preliminary breakdown measurements 
for N t h  p o l a r i t i e s  were made f o r  three  s t a h l e s s  s t e e l  



i nne r  cy l ind r i ca l  e lec t rodes  of 0.75-an radius.  The 
only d i f ference  between the three  inner e lec t rodes  was 
t h e i r  surfaces:  (1) polished t o  a 'mi r ro r  f in ish .  (2) 
t he  same a s  (1) except fo r  a 0.004-in.-deep groove 
s p i r a l l e d  a romd  a 2-in. lecgth i n  the cantral elec- 

t rods  region, and (3)  t he  sane a s  (1) except f o r  a 
0.020-in.-deep groove sp i r a l l ed  around a 2-in. length 
in the  c e n t r a l  e lec t rode  region. Those breakdown re- 
s u l t s  a re  shown i n  Figs. 9 t o  12. The e r r o r  bars  indi-  
c a t e  the  combination of estimated systematic e r ro r s  and 
observed random e r ro r ,  t h e  l a t t e r  (53%) being the stan- 
dard devia t ion  * the mean fo r  a t  l e a s t  t en  breakdowns. 
Relative values  should contain l e s s  e r r o r  than implied 
by the  e r r o r  bars.  

The r e s u l t s  in Figs. 9 t o  12 ind ica t e  t h a t  each 
fluorocarbon t e s t ed  is  st i l l  super ior  t o  SF6 in  the  
f ace  o f  roughness. Comparisons among the  four f igures  
r evea l  t h a t  the  mixture with approximately 5% of 
a t t ach ing  gas  i s  f a i r l y  i n sens i t i ve  t o  t h i s  degree of 
ronghness f o r  each a t taching Tan. f o r  both po la r l t l e s .  
In t h e  case of roughness, extreme nonuvifonn f i e l d s  may 
p r e v a i l  and, i n  these cases ,  i n  addi t ion  t o  e lec t ron 
attachment and e lec t ron slowing dovn, the  r lec t ron-  
impact induced ioniza t ion  could be important. 
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Fig. 9. Breakdown voltages f o r  t he  four  a t taching gas/ 
N2 binary mixtures f o r  inner  e lec t rode  rough- 
ness of 0.004 in.  and pos i t i ve  pozar i ty  a t  1 
atmosphere and %21°C. Mixtures a r e  i den t i f i ed  
by the  percentage of a t taching gas by pressure. 
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Fig. 10. Breakdown vol tages  f o r  the  fnur attaohing yes/ 
N z  binary mixtures f o r  inner electrode rough- 
ness of 0.004 in. and negative po la r i t y  a t  1 
atmosphere and %21°C. Mixtures a r e  i den t i f i ed  
by the  percentage of a t taching gas by pressure. 

MEASDRED EFFECT OF ELECTRODE MATERIM. 

To study the  e f f e c t  of inner electrode material  on 
the  d i e l e c t r i c  s t rength  of h B  four e lec t ron a t taching 
gan/N2 mixtures, breakdown measurements were made with 
t h ree  inner e lec t rodes  each with 1.4-cm radius and 
smooth surface,  but of three  d i f f e r e n t  materials,  
namely, s t a i n l e s s  s t e e l ,  aluminum, and copper. Again 
each fluorocsrbonfi2 n~ ix tu re  was b e t t e r  than the cor- 
responding SF6/N2 mixture; since negl ig ib le  e f f e c t  of 
electrode mater ia l  composition on the  breakdown voltage 
was found, no graphs a r e  given, and the  reader is re- 
f e r r ed  to t he  r e s u l t s  already presented i n  Figs. 4 t o  
7 f o r  the s t a i n l e s s  s t e e l  inner  electrode of radius  1.4 
cm. Some small d i f ferences  were observed between elec- 
t rodes  of d i f f e r en t  mater ia l ,  but those were within t h e  
experimental e r ror .  

UEASURED EFFECTS OF CONTMUNATING PARTICLES 

Considerable research has becn performed on p a -  
t i c l e  contamination i n  gas-insulated systems, (e-g. ,  
[7] t o  [ l l ] )  and accordingly we considered it des i rable  
t o  inves t iga te  the  behavior of t h e  mixtures SF6/N2, 
C-C4F8/NZ, 2-C4Pe/Nz, and 2-C4F$/N2 i n  the preserce of 
f r e e  long conducting pa r t i c l e s .  Five copper p a r t i c l e s  
were therefore  confined i n  t h e  cen t r a l  inter-electrode 
region (Fig. 1) by addi t ional  d i sc s  of Lexan with 2-cm 
outer  radius and a cen t r a l  hole f o r  the  0.75 smooth 
s t a i n l e s s  s t e e l  electrode.  These p a r t i c l e  b a r r i e r s  
were inser ted  i n t o  the  ends of the  s m a l l  (2-an) radius  
cyl indr ica l  region. The Plexiglas d i sc s  seen i n  Fig. 
1 were l e f t  in place t o  pos i t ion  the  electrode correct-  
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Fig. 12. Breakdown voltages f o r  the  four a t taching gas/ 

N2 binary mixtures f o r  inner e lec t rode  rough- 
ness of 0.020 in .  and. negative. p o l a r i t y  a t  1 
atmosphere and %21°C. Mixtures a r e  i d e n t i f i e d  
by the percentage of a t taching gas  by pressure .  

Fig. 11. Breakdown voltages fo r  the  four a t taching gas/ With contaminating p a r t i c l e s  t he  fluorocarbons 
NZ binary mixtures fo r  inner electrode rough- Were again b e t t e r  than SF6, which st i l l  exhibited some- 
ness of 0.020 in .  and pos i t ive  po la r i t y  a t  1 what i ts  Saturation e f f e c t  seen without pa r t i c l e s .  of 
atmosphere and %21°C. Mixtures a r e  i den t i f i ed  Course a l l  CurVeS in Figs. 13  and 14 a r e  constrained to 
by the  percentage of attaching gas by pressure. coincide a t  the  l e f t  (0%) end. 

ly.  It was ve r i f i ed  t h a t  t he  breakdown voltage (with- 
o u t p a r t i c l e s )  was unchanged by the  addi t ional  p a r t i c l e  
ba r r i e r  d iscs .  In t h i s  arrangement the  breakdown 
s t rength  of each mixture could be compared to the  case 
of t h e  same e lec t rode  without pa r t i c l e s ,  and a l s o  t h e  
breakdown s t rengths  of d i f f e r e n t  mixtures could be com- 
pared in the  presence of pa r t i c l e s .  

The p a r t i c l e s  exhibited the  same modes of behavior 
as r e p r t d  by ~ U A ~ L ' J  ( [ T I -  [11] 1. AS the  voltaqb W a s  
slowly ra ised ,  the  p a r t i c l e s  would suddenly feave t h e i r  
positions (on the  bottom ins ide  surface of the  outer  
cyl inder)  and assume a bouncing motion between t h e  
electrodes.  I f  breakdown d i d  not  occur during the  
bouncing motion, a t  higher voltage the  p a r t i c l e s  would 
assume the  " f i r e f ly"  motion of hovering very c lose  t o  
t he  negative e lec t rode  and moving slowly along the  sur- 
face w i t h  an a t t i t u d e  perpendicular t o  t h a t  surface. 
As the  voltage was ra ised  l ev i t a t i on  occurred a t  17.0 f 
1.5 kV, and a s  the  voltage was lowered motion ceased a t  
7.0 f 1.5 kV, independently of the gas mixture. 

Preliminary breakdown voltage& f o r  various propor- 
t i ons  of the  mixtures SF6/N2, C-CI,F~/N~. 2-CqF8/N2, and 
2-C4F6/N2 a r e  shown i n  Figs. 13  and 14 f o r  5 copper 
pa r t i c l e s ,  each 1/8 in .  long by 0.015 i n .  diameter with 
the smooth s t a i n l e s s  s t e e l  inner electrode.  The e r r o r  
bars  show estimated systematic e r ro r s  combined with 
observed random e r ro r ;  the l a t t e r ,  defined a s  standard 
deviation + mean f o r  a t  l e a s t  f i ve  values, was 5%. For 

each reading recorded it was v isual ly  observed t h a t  the  
breakdo'm was caused by a s ingle  f r e e  p a r t i c l e  (see 
g i s c ~ s s i o p  f i  experimental sec t ion) .  

SUMMARY AM) CONaUSIONS 

Small sca le  comparative breakdown tests have been 
made on four types of binary gas d i e l e c t r i c  (SF6/NZ, 
c-CqF8/N2, 2-C4F8/N2, 2-C4F6/N2) mixtures, of var ious  
proportions, corresponding t o  conditions of geometry. 
surface,  material ,  and contamination t h a t  approximate 
those i n  power apparatus and a r e  sources of probleas.  
Each binary mixture consisted'of one gas t h a t  a t t aches  
e lec t rons  wel l  a t  some low energy i n  t h e  range from 0 
to 1.1.4 eV and a l s o  one gas (N2) t h a t  de-energizes 
e lec t rons  escaping the  attachment range a s  they reach 
2 t o  3 eV and, re turns  t h e m  t o  tire energy region of 
e f f i c i e n t  capture. A l l  t e s t s  conducted so  f a r  were f o r  
a t o t a l  gas pressure of 1 atmosphere (101 kPa) and a t  
room temperature (%21°C1. 

In t he  t e s t s  w i t h  three  coaxial  cylinder geome- 
t r i e s ,  a s  well a s  i n  previous uni'fonn f i e l d  measure- 
ments, SF6/Nz inixtures were found t o  have' lower break- 
down voltages than the  o ther  three.  A s  SF6 was 
increasingly subs t i tu ted  f o r  nitrogen ( w i t h  t o t a l  pres- 
'sure constant)  a sa tura t ion  e f f e c t  was observed. &a 
of these cha rac t e r i s t i c s  of the SF~/NZ mixtures a r e  a t -  
t r i bu t ed  t o  t he  f a c t  t h a t  SF6 a t taches  e lec t rons  
e f f ec t ive ly  only i n  a l imited (60.4 eV) e lec t ron energy 
range compared t o  the  perfluorocarbons studied. 

The surface-roughness e f f e c t  s tudies  have shorn 
t h a t  the  perfluorocarbon/N2 mixtures a r e  b e t t e r  than 
the SFg/Nz mixtures. For each of t he  four mixtures the  
l e a s t  s ens i t i ve  proportions t o  roughness were approxi- 
mately 5% at taching gas + 95% nitrogen. though f o r  a l l  
but SF6 the  mixtures with more a t taching gas offered 
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Fig. 14. Breakdown voltages f o r  t he  four a t taching gas/ 
N2 binary mixtures with contambating f r ee  
wire p a r t i c l e s  a t  negative po la r i ty ,  1 a- 
sphere, and ?.21°C. Mixtures are  iden t i f i ed  by 
the  percentage of a t taching gas by pressure. 

subs t an t i a l  improvement in breakdown voltage. 
No s i p i f i c a n t  e f f e c t  of e lec t rode material  was 

found f o r  inner electrodes t h a t  were iden t i ca l  except 
f o r  t h e i r  mater ia l  composition: s t a i n l e s s  s t e e l ,  
dopper, and aluminum. 

In s tudies  of the e f f e c t s  of f r e e  conducting par- 
t i c l e s ,  t he  perfluorocarbon/N2 mixtures were be t t e r  
than the  SF6/NZ mixtures. For each mixture the in t ro-  
duction of p a r t i c l e s  was more dele ter ious  than the 
in t roduct ion of surface roughness, bu t  which i s  the 
w r s e  problem depends, of course, on the  pa r t i cu la r  
roughness and p a r t i c l e  chosen. The p a r t i c l e  behavior 
f o r  a l l  four mixtures did coincide with t h a t  observed 
by o the r s  f o r  SFg. 

In the fu ture  we w i l l  examine pressure e f f ec t s ,  
o the r  gases besides N~ f o r  the  e f f i c i e n t  de-energizing 
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