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ABSTRACT 

D i r e c t  c u r r e n t  breakdown s t r e n g t h  measurements on a  l a r g e  number o f  

mult icomponent gas m ix tu res  a t  low (k 1  atm) and h igh  ( z  5 atm) pressures 

l e d  t o  the  d iscovery  o f  many gas mix tu res  of e lec t ron -a t tach ing  gases and 

s t r o n g l y  e l e c t r o n - a t t a c h i n g  gases w i t h  N2 and C3F8 which are  s u p e r i o r  

t o  SF6. O f  spec ia l  s i g n i f i c a n c e  are  m ix tu res  con ta in ing  C4F6 ( p e r f l u o r o -  

2-butyne).  The breakdown s t reng th  o f  one such m ix tu re  (20% C4F6-80% SF6) 

i s  a 30% h igher  than pure SF6 under i d e n t i c a l  cond i t i ons ,  bo th  a t  low 

( a  0.7 atm) and h igh  (4.6 atm) pressures. Per f1 uorocyclohexene (C6F10) 

and C5F8 (per f luorocyc lopentene)  were found a t  low pressure, ( a  0.2 atm) 

t o  be, respec t i ve l y ,  a 2.1 and 2.2 t imes b e t t e r  than SF6 under comparable. 

cond i t i ons ;  they  bo th  have a  p o t e n t i a l  as a d d i t i v e s  i n  gas mix tu res .  

The e f f e c t  o f  the  i n e l a s t i c  e l e c t r o n  s c a t t e r i n g  p r o p e r t i e s  o f  a gas v i a  

negat ive  i o n  resonances i n  t h e  low-energy range (1  t o .  a 4  eV) on t h e  br.eak- . . . . 

down s t r e n g t h  has been demonstrated f o r  H2, N2, and CO and b i n a r y  mix tu res  

o f  these w i t h  SF6 and C4F6 (per f luoro-2-bu tyne) .  E lec t ron  attachment ' . 

t o  C4F6 ( p e r f l  uoro-1,3-butadiene) , C7F8 ( p e r f l  uoroto luene)  , and C8F16 

(perfluoro-9,3-dlmethyl~y~10t1e~a11e) has been studied;  the  magnitude and 

energy dependence o f  t he  attachment r a t e s  and cross sec t ions  c o r r e l a t e  

w i t h  t h e  respec t i ve  DC breakdown s t rengths  o f  these systems. Knowledge 

on low-energy e lect ron-molecule i n t e r a c t i o n  processes i n  d i l u t e  and i n  

dense gases has been synthesized, discussed, and r e l a t e d  t o  t h e  breakdown 

- s t rengths  of gaseous d i e l e c t r i c s .  

The c o n s t r u c t i o n  o f  a  new h7gh pressure ( t o  a 11 atm) , v a r i a b l e  

temperature ( -  50°C t o  + 150°C) apparatus has been completed and a  

p r a c t i c a l  t e s t  f a c i  1  i ty  u t i  1  i z i  ng c y l  i n d r i c a l  e lec t rode  geometries has 



been p u t  i n t o  operat ion;  the  f i r s t  r e s u l t s  on the l a t t e r  apparatus were 

on SF -N  and c-C4F8-N2 mixtures.  Studies o f  environmental e f f e c t s  o f  
6 2 

d i e l e c t r i c  gases, v i a  t h e i r  e lect ron- impact- induced decomposit ions and 
. . .  

a n a l y s i s  o f  t h e i r  breakdown products, have begun us ing  mass spectrometry 

and gas chromatography; C4F6 (pe r f1  uoro-2- butyne) seems t o  be r e s i  s tan t 
. I '  

t o  e lect ron- impact- induced decomposit ion i n d i c a t i n g  long-term s t a b i l i t y .  

Ca lcu la t i ons  o f  t h e  e f f e c t s  o f  radiography on an energized gas- insulated 

cab le  were performed,and on the  bas is  o f  these c a l c u l a t i o n s  no e f f e c t - o f  

r a d i  oqraphy i s  foreseen. 



I. INTRODUCTION 

The b a s i c  and a p p l i e d  aspects  o f  gaseous d i e l e c t r i c s  a r e  s t u d i e d  

comprehensively,  and improved gaseous i n s u l a t o r s  a r e  be ing  developed f o r  

t h e  n a t i o n ' s  v a r i e d  needs i n  h i g h  v o l t a g e  insu1,at ion.  The mu1 t i p l e  

needs i n  h i g h  v o l t a g e ,  i n s u l a t i o n  d i c t a t e  t h e  development o f  a  va r i . e t y  o f  

gaseous i n s u l a t i n g  systems each a p p r o p r i a t e  f o r  t h e  s p e c i f i c  need. It 

has been argued i n  ou r  . e a r l i e r  r e p o r t s  and i t  i s  f u r t h e r  emphasized i n  

t h i s  r e p o r t . t h a t  such a  v a r i e t y  o f  op t ima l  i n s u l a t o r s  c o n s i s t s  o f  m u l t i -  

component gas m ix tu res  ( r a t h e r  than  a  s i n g l e  gas system) c a r e f u l l y  

designed as t o  components and p r o p e r t i e s  o n . t h e  b a s i s  o f  d e t a i l e d  funda- 

mental  physicochemical. know1 edge, espec ia l  1  y on 1  ow-energy e l e c t r o n -  

mol ecu l  e  i n t e r a c t i o n s  . 



11. BREAKDOWN STRENGTHS OF MULTICOMPONENT GAS MIXTURES (LOW PRESSURES) 

Our work on low-pressure multicomponent systems cont inued. Such 

experiments a r e  s i n g u l a r l y  appropr ia te  f o r  screening a  l a r g e  number o f  

gases and f o r  s tudy ing  s y n e r g i s t i c  behavior o f  gas combinations. Syner- 

g i s t i c  behavior may a r i s e  from coopera t ive  e f f e c t s  o f  appropr ia te  combi- 

na t i ons  o f  two o r  more e lec t ron -a t tach ing  campnn~nts and/or from 

coopera t ive  e f f e c t s  o f  combination o f  gases nf appropr ia te  e l e c t r o n  

s c a t t e r i n g  and e lec t ron -a t tach ing  p rope r t i es .  Such measurements-allowing 

fas te r ,  cheaper, and more accurate data a c q u i s i t i o n  than f o r  high-pressure 

systems-enhance t h e  breadth  of our breakdown s tud ies  and prov ide  a  

m u l t i p l i c i t y  of  o p t i o n a l  systems t o  be used f o r  the va r ied  needs o f  

gaseous i n s u l a t i o n .  The importance o f  such s tud ies  a t  low pressures i s  

strengthened by our  e a r l  i e r l  and present  (Sec t ion  111) f i n d i n g s  t h a t  the  

breakdown s t reng th  o f  t he  low-pressure multicomponent systems i s  n o t  

s i g n i f i c a n t l y  d i f f e r e n t  a t  h igher  t o t a l  pressures w i t h i n  the  Pd range we 

covered. 

The general p r i n c i p l e s  o f  choosing gases f o r  multicomponent mix tures  

have been o u t l i n e d  i n  our  e a r l i e r  r e p o r t s  and a re  f u r t h e r  discussed i n  

Appendix 111. The o v e r a l l  p r o p e r t i e s  of mix tu res  o f  gases a re  determined 

by t h e  cumulat ive e f f e c t s  o f  t h e i r  components on the  number and energy 

d i s t r i b u t i o n  o f  t h e  f r e e  e lec t rons  i n  the mix ture .  Although knowledge 

o f  t h e  basic  cross sec t ions  o f  the component gases does n o t  p resen t l y  

a l l o w  a  d e t a i l e d  deduct ion o f  the  bas ic  p rope r t i es  o f  the corresponding 

multicomponent mix ture ,  i t  can be used as a  guide i n  t a i l o r i n g  promis ing 

m i  x tu res  f o r  breakdown t e s t i n g  . 



Binary Mixtures of Electron-Attaching Gases with N 2  

In Table I the slope A V , / A ( P ~ ) ,  where V s  i s  the breakdown voltage 

and Pd i s  the product of the total  gas pressure P and the electrode 

spaci'ng d ,  i s  presented for  a number of binary mixtures of electron- 

attaching gases with N 2 .  N 2  i s  used as the buffer gas, and SF6, C4F6 

(perfluoro-2-butyne), c-C4F8, C4F8 (perfluoro-2-butene), and C3F8 are  used 

singly as electron-attaching gases. These data were presented graphi- 

cal ly (for  one 4.595 atm-mm Pd value) in our l a s t  report . '  The overall 

data are  presented here for  completeness in our study of ,gas  mixtures. 

The important aspect of these data,  as pointed out earl  i e r Y 1  i s  the 

stronger saturation ef fec t  exhibited by the N2-SF6 mixtures compared 

with the r e s t  for  which the electron attachment cross section extends to  

much higher energies than for  the SF6-N2 mixtures. 

Multicomponent Mixtures Containing N 2  as the Basic Component. 

Table I1 l i s t s  A V , / A ( P ~ )  fo r  mixtures again containing N 2  as the 

buffer gas b u t  with two or more electron-attaching components used in 

combination to  bracket.a wider'energy range over which effect ive electron 

attachment occurs. There are two sa l ien t  features of these mixtures: 

(1,) C4F6 i s  an extremely effect ive additive in N 2 .  In mixtures 4 through 

10 with 70% N 2  those mixtures containing C4F6 are  a l l  bet ter  d ie lec t r ics  

than those without C4F6. Mixtures 11 through 17 show further evidence 

of the effectiveness o f  C4F6 as "I dddddilive. Twenty and 30% C4F6 mix- 

tures a re  markedly bet ter  t h a n  th,e mixtures with less  or no C4Fs 

( 2 )  A rather d i s t inc t  synergistic e f fec t  i s  observed when C3F8 i s  used 

in combination with SF6 and C4Fc Thus i f  we compare mixtures 11 and 13, 



TABLE I 

aVS/a(Pd) f o r  Bi.nary Mixtures.  o f  E lec t ron -A t tach ing  Gases w i t h  

N2; ' t o t a l  = 500 To r r  (Plane-Plane E lec t rode Geometry) 

Percentage o f  Gas M i x t u r e  ' 

No. N2 SF6 '4'6' C-C4F8 '4'8' C3F8 

1  100 8.83 

2  9 5  5  5.09 

3  95 6.01 

4  9  5 4.37 

5  95 5  4.41) 



TABLE I 1  

aV,/n(Pd) f o r  Multicomponent Mixtures Containing N 2  a s  the 
Basic Component; Ptohal = 500 Torr 
(Plane-Plane Electro e Geometry) 

Mixture Percentage o f   as 
No. N2 sF6 c-C4F8 C3F8 atm-mm 

'perf 1 uoro-2-butyne. 

b c r f  1 uoro-2- bu tene . 



changing 20% SF6 t o  10% SF6 and 10% C3F8 improves the  m ix tu re  by 

approximate ly  10%. Mix tures  17 and 18 show t h i s  e f f e c t  a lso.  This  i s  

seen c l e a r l y  i n  F ig .  1  where V s  versus Pd i s  presented f o r  mix tures  11, 

13, 17, and 18. The breakdown s t reng th  of each of these mix tures  i s  

b e t t e r  than f o r  pure SF6. 

These f i n d i n g s  seem t o  i n d i c a t e  t h a t  the e lec t ron -cap tu r i ng  capabi- 

l i t y  o f  SF6 sa tu ra tes  markedly even a t  10% admixture, so t h a t  inc reas ing  

the  percentage o f  SF6 from 10 t o  25% in f l uences  the  e l e c t r o n  attachment 

p r o p e r t i e s  o f  t h e  m i x t u r e  l e s s  than 10% o f  C3F8 which captures e lec t rons  

2  weakly b u t  a t  h ighe r  energies than e i t h e r  SF6 o r  C4F6- Consistent  w i t h  

t h i s  argument a r e  t h e  da ta  on mix tures  14 and 15. Changing from 20% 

SF6 t o  10% SF@% c-C4F8 increases the  d i e l e c t r i c  s t reng th  even though 

c-C4F8, whose e l e c t r o n  attachment cross sec t i on  extends t o  h igher  

energies than t h a t  f o r   SF^.^ i s  n o t  an e f f e c t i v e  a d d i t i v e  by i t s e l f  

(see mix tures  4, 9, and 14 i n  Table I). 

Experiments a r e  con t i nu ing  on mix tures  o f  d i f f e r e n t  p ropo r t i ons  and 

composit ions t o  f u r t h e r  t e s t  these p ropos i t i ons .  Those mix tures  which 

show promise, such as 20% C4F6-10% SF6-10% C3F8-60% N2, w i l l  be tes ted  

a t  h ighe r  t o t a l  pressures. 

Mix tu res  Conta in ing N, and/or CO, 

I n  Tdb le  111, A V ~ / A ( P ~ )  a re  g iven f o r  mix tures  of gases us ing  N2 

and C02 as major components. Pure N2 i s  s l i g h t l y  b e t t e r  as a  d i e l e c t r i c  

than pure C02. Except f o r  mix tu res  con ta in ing  c-C4F8 (see mix tures  4  

and 5) ,  N2 i s  b e t t e r  as a  b u f f e r  gas than C 0 2  These data a r e  being 

analyzed. 
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FIG. 1. V s  versus Vd for  SF6 and mlxtures o f  N2, C4F6. C3F8, WICI SF6 

a t  a total pressure of 500 tor r  (see text )  
(pl ane-pl ane el ectrode geometry). 



TABLE I11 

pVS/A(Pd) f o r  Mixtures Containing N 2  and/or Cop; Ptotal  = 500 Torr 
(Plane-Plane Electrode Geometry) 

Mixture Percentage - of Gas 
No. N2 C02 SF6 ' 4 ~ 6 ~  c-CqF8 c4F8' C3F8 

.I. Perf 1 uoro-2-butyne. 

$perf1 uoro-2-butene. 



MUI t icomponent ~ i x t u r e s  Conta in ing C ~ F ~  (Perf1 u o r o - 2 - ~ u t y n e )  

I n  Table I V  a re  l i s t e d  breakdown s t r e n g t h  data f o r  m ix tu res  o f  

C4F6 w i t h  a  number o f  gases. Some o f  these data were taken f rom t h e  

prev ious  th ree  tab les  i n  o rder  t o  emphasize the  unique e f f e c t i v e n e s s  o f  

C4F6 as a d d i t i v e  i n  mult icomponent mix tu res .  Except f o r  t h r e e  m ix tu res  

w i t h  very  smal l  percentages o f  C4F6, t he  r e s t  o f  t he  m ix tu res  which con- 

t a i n  C4F6 have breakdown s t reng ths  g r e a t e r  than o r  equal t o  90% t h a t  o f  

SF6. I n t e r e s t i n g l y ,  m ix tu res  o f  C4F6 and SF6 show a  s l i g h t  synergism: 

50% SF6-50% C4F6 has a  r e l a t i v e  breakdown s t r e n g t h  o f  1.75 compared w i t h  

a  weighted average value1 o f  1.6. 

C6Fl ,, (Perf1 uorocyclohexene) as an A d d i t i v e  t o  Np 

C6Fld has been found t o  be a  good a d d i t i v e  i n  N2. F igu re  2  shows 

t h e  breakdown vo l tage V s  versus the  percentage o f  C6F10 i n  N2 f o r  Pd 

values o f  0.1 and 0.3 atm-mm a t  a  t o t a l  pressure o f  80 t o r r .  There i s  

no evidence f o r  a  s a t u r a t i o n  e f f e c t  f o r  t h i s  system. C a l c u l a t i o n  o f  

t he  breakdown vo l tage f o r  t he  m i x t u r e  based on t h e  weighted average 

1  
method was found t o  agree w e l l  w i t h  the  experimental  values i n d i c a t i n g  

no synerg i sm. 



TABLE I V  

DC Breakdown St rengths  f o r  Some U n i t a r y  and Multicomponent 
Mix tu res  Conta in ing c ~ F ~ ~  

Percentage o f  Component Gas 
Slope 

+ 
Intercept (Vs)Relati,,e 

C4F6 i so-C4F8 c-C4F8 sF6 C3F8 C02 N2 (kV/atm-mm) (kV) 

8. B ina ry  E l ix tures  

5 

10 

7n 

30 

40 

20 
5 

C. T e r t i s r y  M ix tu res  

10 

20 

30 

20 

D. ... Four-Component Mix tures  

10 

10 1 0  

10' 1 0  

20 

30 

E. F i  ve-Component Mix tures  

6.6 6.6 

10 10 

10 

10 10 

10 10 

20 10  

'plane-plane un i f o rm  f i e l d  geometry un less  o therwise i nd i ca ted .  To ta l  pressure i s  500 t o r r  unless o therwise 

P~~::dX&owll s t r e n g t h  r e l a t i v e  t o  I F 6  o f  1. 

9 ~ p h e r e - p l a n e  geometry; P = 760 t o r r .  

l'liData f r o m l I .  Hinkelnkemper. I. Kraruck i ,  J. Gerhold. T .  h'. Dakin. C lec t ra  52. 67 (1977). ' P = 2000 t o r r .  

#' P = 1033 t o r r .  
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1 I P ~ o ~ n ~  = 80 Torr 

PERCENT C,F,, IN N, 

FIG. 2. Breakdown voltage, y,, as a function of percent of C6F10 in 
N2 a t  the indicated pressure and Pd values 

(sphere-plane electrode geometry). 



I I I. BREAKDOWN STRENGTHS OF MULTICOMPONENT GAS MIXTURES (HIGH PRESSURES) 

F igu re  3 shows the  breakdown s t reng th  as a f u n c t i o n  o f  Pd f o r  t h ree  

d i f f e r e n t  gaseslmixtures:  pure SF6, 20% C4F6-80% SF6, and 10% C4F6- 

40% SF6-50% Np. The breakdown s t reng th  o f  the  20% C4F6-80%  SF^ m ix tu re  

i s  approximate ly  30% b e t t e r  than t h a t  o f  pure SF6 under i d e n t i c a l  condi-  

t i o n s .  I t compares we1 1 w i t h  our  low-pressure (500 t n r r )  d a t a  (see 

Table IV ) .  

The 10% C4F6-40% SF6-50% Np m ix tu re  has a d i e l e c t r i c  s t reng th  which 

i s  approximate ly  t he  same as t h a t  o f  pure SF6, b u t  i t  i s  est imated t o  be 

a cheaper gas ( t a k i n g  the  cos t  o f  C4F6 t o  be u 3 t imes t h a t  o f  SF6). 

Th i s  gas would bc expected t o  witlss.l;a~ld i l ~ r p u l ~ t !  vu l  tages b e t t e r  rhan 

pure SF6. 
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'0 3 5 0 0  ~ o r r  : PURE SF6 
A 3 0 0 0  Torr : 2 0 %  C4F6- 80% SF6 
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FIG. 3. Breakdown vol tage,  V S ,  f o r  pure SF6 and f o r  SF6-C4F6 

(hexaf 1 uoro-2-butyne) and SF6-C4F6-N2 mixtures as a funct ion  . 

of Pd for pressures 3000 t o  3500 t o r r  (sphere-sphere 
e lect rode  geometry). , 



I V .  BREAKDOWN STRENGTHS OF UNITARY GASES 

Impor tan t  Phys ica l  P rope r t i es  o f  D i e l e c t r i c  Gases 

I n  Appendix I, t h e  d i e l e c t r i c  .s t rengths and synonyms f o r  

t he  u n i t a r y  gases i n v e s t i g a t e d  by us so f a r  a re  l i s t e d  along w i t h  t h e i r  

s t r u c t u r a l  formulae. The search f o r  n'ew compounds ( t o  be used p r i m a r i l y  

as a d d i t i v e s  i n  mu1 ticomponent systems) cont inues, guided on one hand 

by bas i c  know1 edge on molecular  s t r u c t u r e  and e l  ectron-molecul e  i n t e r -  
, . 

. . a c t i o n s  and on t h e  o t h e r  hand by t h e  well-known phys ica l ,  chemical, 

t o x i c o l o g i c a l ,  engineer ing,  and economic p r a c t i c a l  cons t ra in t s .  

Breakdown St rength  o f  Pe r f  1  uorocycl  opentene ( C5F0) 

Per f1 uorocycl  opentene (see s t r u c t u r a l  formula i n  Appendix I )  i s  

another  o f  t h e  low-vapor-pressure f luorocarbons possessing a  h igh  d i e l e c -  

t r i c  s t rength .  I t s  breakdown vo l tage  as a  f u n c t i o n  o f  Pd, measured i n  a  

sphere-plane e lec t rode  apparatus, i s  compared w i t h  those o f  several  

o t h e r  p rev ious l y  measured compounds a t  low pressures i n  F ig.  4. Over 

t h e  range of Pd covered (0.5 $ Pd $ 2.0 atm-mm), t he  breakdown s t reng th  

o f  C5F8 i s  approximate ly  2.2 t imes h igher  than t h a t  f o r  pure SF6 under 

comparable cond i t i ons .  This  compound has a  p o t e n t i a l  as an a d d i t i v e .  

Breakdown St rength  o f  SF, a t  High Pressures 

Breakdown s t r e n g t h  measurements o f  SF6 a t  2000 and 3000 t o r r  have 

been made w i t h  two e lec t rode  geometries : p l  ane-pl ane e lec t rode  design3 

and sphere-sphere e lec t rode  c o n f i g u r a t i o n  (sphere diameter = 1-1 12 inches) .  

The data are shown i n  F ig .  5. Both e lec t rode  geometries gave the  same 

r e s u l t s  w i t h i n  the  s t a t i s t i c a l  e r r o r  which i s  smal le r  than the  s i z e  o f  
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FIG. 4. Breakdown vo l tage ,  V , versus Pd f o r  C6F12, C5F8, C6F10, 
C4F6, and SF6 a t  t h e  i n d i c a t e d  pressures 

(sphere-plane e l e c t r o d e  geometry) .  
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FIG. 5. Vs versus. Pd for  pure SF6 a t  2000 ( 9 )  and  3000 ( 0 )  toer (see t ex t ) .  



t h e  symbols i n  t h e  f i g u r e .  I n  t h i s  s e t  o f  measurements, t he  breakdown 

s t r e n g t h  a t  3000 t o r r  i s  s l i g h t l y  lower than t h a t  a t  2000 t o r r ,  b u t  i t  

i s  somewhat h igher  than t h a t  we presented i n  our  l a s t  repo r t . '  The 

e a r l  i e r  da ta  seem t o  'have been a f f e c t e d  by the  presence ,o f  corona due t o  

f a u l t y  i n s u l a t i o n  i n  t he  h igh  vo l t age  l ead  i n s i d e  t h e  chamber,. Improve- 

ments i n  t h e  i n s u l a t i o n '  e l i m i n a t e d  t h e  e f f e c t  o f  corona i n  t he  present  

measurements. 



V.  BASIC STUDIES 

El  e c t r o n  Attachment 

I n  support  o f  our  breakdown s t reng th  s tud ies  on f luorocarbons and 

f luorocarbon mix tures ,  we have cont inued t o  measure the  e l e c t r o n  a t tach-  

ment r a t e s  as a f u n c t i o n  o f  mean e l e c t r o n  energy, (r), and t o  c a l c u l a t e  

f rom these the  corresponding e l e c t r o n  attachment cross sec t ions  as a' 

f u n c t i o n  o f  e l e c t r o n  energy, e, f o r  these compounds, I n  F ig .  6 the  

e l e c t r o n  attachment r a t e ,  aw, i s  presented as a f u n c t i o n  o f  (E) f o r  

C F ( p e r f l  u o r o t o l  uene) , C8F16 ( p e r f l  uoro-1,3-dimethyl cyc l  ohexane) , and 
7 8 

C4F6 ( p e r f l  uoro-1,3-butadiene) . These were measured i n  mix tures  w i t h  

N2 (see r e f .  4, Chap. 4 )  except f o r  C4F6 f o r  which measurements were 

made i n  both N2 and Ar as the  c a r r i e r  gas.4 I n  the  l a s t  case the  agree- 

ment between t h e  two se ts  o f  values i s  e x c e l l e n t .  The measurements w i t h  

C7Fg were d i f f i c u l t  s i nce  t h i s  molecule tends t o  s t i c k  t o  the  w a l l s  o f  

t h e  apparatus, and the  measured attachment r a t e s  changed w i t h  t ime. For  

t h i s  reason t h e  u n c e r t a i n t y  i n  t he  data i s  l a r g e  (% 15%) prevent ing  

de terminat ion  of  t he  e l e c t r o n  attachment cross sec t ions  as a f u n c t i o n  o f  

e l e c t r o n  energy v i a  the  swarm-unfolding method. 5 

The unfo lded e l e c t r o n  attachment cross sec t ions  as a f u n c t i o n  o f  

e l e c t r o n  energy a re  shown i n  F ig.  7 f o r  C8F16 and C4F6 (perf luoro-1,3- 

butadiene)  a long w i t h  those p rev ious l y  determined f o r  SF6 and C4F6 

(per f luoro-2-butyne) .  The cross sec t i on  f o r  C8F1 6 shows a peak a t  

Q 0.2 eV and decreases monoton ica l l y  beyond t h i s  energy t o  Q 1.2 eV. 

Below Q 0.1 eV, t he  cross sec t i on  increases again w i t h  decreasing energy. 

The c ross  sec t ion .  f o r  C4F6 ( p e r f l  uoro-1,3-butadiene) i s  h igher  than 

t h a t  o f  t he  butyne isomer below Q 0.35 eV b u t  i s  lower a t  h igher  energies 

(see F ig .  7) .  



FIG. 6. E lec t ron  attachment r a t e ,  u w  ( i n  u n i t s  of sei-' t o r r - l  ) ,  as a  , 
f u n c t i o n  o f  mean e l e c t r o n  energy.,(r) ( i n  u n i t s  'o f  e )  , f o r  ( A )  C7F8 

( p e r f l  u o r o t o l  uene) , (a) CgF 6 ( p e r f 1  uoro-1,3-dimethyl cyc lo -  
hexane) , and ( a )  C4F6 ( p e r f  1 uoro-1,3-butadi ene) measured i n  

mix tu res  w i t h  N2 and ( v )  C4F ( p e r f l  uoro-1,3-butadi ene) 
measured i n  mix f ures w i t h  Ar. 
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ELECTRON. ENERGY, 6 ,  ( e V )  

FIG. 7. Electron attachment cross sections as a function of electron 
energy for (v) CgF16 (perfl uoro-1,3-dimethyl cycl ohexane) , 

(a) C4F6 (perfluoro-1,3-butadiene), (A) C4F 
(perfl uoro-Z-butyne) , and (0) SF6 (see text!. 
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The l a r g e r  breakdown s t reng th  (F ig .  8  o f  r e f .  1  ) o f  C7F8 compared 

w i t h  C4F6 (perfluoro-1,3-butadiene) i s  c o n s i s t e n t  w i t h  i t s  h igher  e l  ec- 

t r o n  attachment r a t e  (F ig .  6 )  and the  l a r g e r  e1ectron.at tachment  cross 

s e c t i o n  f o r  C4F6 (per f luoro-2-bu tyne)  i n  t h e  energy range Q, 0.4 t o  

Q, 1.2 eV compared w i t h  i t s ,  isomer.,perfluoro-l,3-butadiene (F ig .  7 )  i s  

a l s o  c o n s i s t e n t  w i t h  t h e  h igher  breakdown s t r e n g t h  o f  the former (see 

Table I of re f .  1 ) .  The h igh  d i e l e c t r i c  s t r e n g t h  o f  a l l  these compounds 

and C8Fl6 (see F ig .  8  o f  r e f .  1 )  accord w e l l  w i t h  o u r  p i c t u r e  t h a t  l a r g e  

attachment r a t e s  ( o r  cross sec t i ons )  o u t  t o  Q, 1  t o  2 eV g r e a t l y  inc rease 

the  d i e l e c t r i c  s t r e n g t h  o f  t he  gaseous i n s u l a t o r .  I t  should be stressed, 

however, t h a t  o t h e r  processes besides e l e c t r o n  attachment cou ld  c r i t i c a l l y  

a f f e c t  t h e  breakdown s t r e n g t h  o f  a  gaseous d i e l e c t r i c  (see e a r l i e r  

r e p o r t s  and Appendix 111). 

Elementary Elect ron-Molecule I n t e r a c t i o n  Processes 

A comprehensive paper e n t i t l e d  "Elementary,Electron-Molecule 

I n t e r a c t i o n s  and Negat ive Ion  Resonances a t  Subexc i ta t ion  Energies and 

The i r  S i g n i f i c a n c e  i n  Gaseous D i e l e c t r i c s " .  has been completed. I n  t h i . s  

paper recent  know1 edge on 1  ow-energy (mos t l y  % 10 eV)' e l  ectron-mol ecul  e  

i n t e r a c t i o n  processes i n  d i l u t e  and i n  dense gases.ha.s.been synthesized, 

discussed, and r e l a t e d  t o  t h e  breakdown s t r e n g t h  of.  gaseous d i e l e c t r i c s .  

I n  t h i s  paper, a lso ,  t h e  optima.1 design o f  mult icomponent gaseous 

i n s u l a t o r s  on t h e  bas i s  o f  such knowledge i s  discussed. The paper has 

been presented 'a t  the  X I I I t h  I n t e r n a t i o n a l  Conference on Phenomena i n  

I on i zed  Gases, B e r l i n ,  September 11-17, 1977, and w i l l  be pub l i shed i n  

t h e  conference proceedings (Vol . I I I [ I n v i t e d  Lec tures ] ) .  It i s  added 

as Appendix I 1 1  t o  t h i s  r e p o r t .  



A d d i t i o n a l l y ,  t h e  r o l e  and need o f  e l e c t r o n  impact i o n i z a t i o n  cross 

sec t i ons  c lose  t o  t h e  i o n i z a t i o n  thresholds f o r  d i e l e c t r i c  gases has 

been documented. Plans t o  o b t a i n  such needed in fo rma t ion  and poss ib l y  

a1 so t o  measure d i r e c t l y  t he  e l e c t r o n  energy d i s t r i b u t i o n  func t i ons  a t  

prebreakdown E/P values a r e  being contemplated. 

E f fec t  o f  Negative I o n  Resonances on Breakdown 

1  
I n  our l a s t  r e p o r t  we presented g r e l i ~ ~ i i n a r y  d a t a  on t h e  breakdown 

s t reng ths  of N2, C O Y  and Hz and b i n a r y  mix tures  o f  these w i t h  C4F6 

(per f luoro-2-butyne)  i n  an e f f o r t  t o  t e s t  the  e f f e c t  o f  negat ive  i o n  

resonances, NIRs, e x h i b i t e d  by these systems on t h e i r  breakdown s t rengths .  . . 

On t h e  bas is  o f  these r e s u l t s  and the  known e l e c t r o n  s c a t t e r i n g  cross 

sec t ions  (Fig. 8) ,  i t  was concluded t h a t  the  h igher  the  e l e c t r o n  

s c a t t e r i n g  cross s e c t i o n  (main ly  i n d i r e c t  through negat ive i o n  resonances) 

t h e  b e t t e r  i s  t h e  breakdown s t reng th  o f  the  mix ture ,  demonstrat ing i n  

t h i s  way the  d i r e c t  e f f e c t  of the  i n e l a s t i c  s c a t t e r i n g  p r o p e r t i e s  o f  the  

gas v i a  negat ive  i o n  resonances i n  t he  low-energy range ($ 1  t o  Q 4  eV) 

on t h e  breakdown s t rength .  These p r e l i m i n a r y  s tud ies  were extended t o  

i n c l u d e  m ix tu res  o f  SF6 as we l l  as C4F6 w i t h  Hz, N2, and CO and ou r  

f i n d i n g s  a re  summarized i n  Table V .  I t  i s  seen t h a t  the  breakdown 

s t r e n g t h  ( r e l a t i v e  t o  SF6 o f  1) f o r  the  u n i t a r y  systems decreases i n  the 

o rde r  CO (0.5) N2 (0.4) > H2 (0.25), t h a t  i s ,  i n  t he  o rde r  t he  magni- 

tude o f  t h e  s c a t t e r i n g  cross sec t ions  due t o  PlIRs shown i n  F ig .  8 

decreases. The data f o r  t h e  b i n a r y  mix tures  (see Table V )  behave 

s i m i l a r l y .  
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FIG. 8. Electron attachment cross sections,  aa, as  a function of elec- 
tron energy, E,  for  three electron-attaching gases, SF6, C4F6, and C6F10. 

Vibrational excitation cross sections via negative ion resonances: 
a ( tUfl  ) i s  the sum of vibrational cross sections fo r  the f i r s t  e ight  

i n d ~ v d u a l  s t a t e s  of CO as a function of electron energy ( r e f .  6 ) ;  ,-' 
N2!hJ,l,8) i s  the sum of vibrational cross sections for  the f i r s t  eight 

i n  i v i  ual s t a t e s  of N 2  as a function of electron energy ( r e f .  6)  ; 
H (u=O+u=l ) i s  the cross section for  excitation o f '  the f i r s t .  vibrational 
?eve1 of H E  (6)  mu1 t ip1  ied by 1.4 t o  correct  the experimental data for  

nanisotropic electron scat ter ing (see re f .  4, p. 347). Since the cross 
section f o r  excitation of higher vibrational levels  of H z  i s  very rnuc.h 
lower than,-for the u=l level ,  one can conclude tha t  the cross sections 
f o r  vibrational excitation of CO, N 2 ,  and HZ via negative ion (shape) 

resonances decrease in the order CO > N2 > Hz. n f 2  i s  the maximum s-wave 
capture cross section (.from reg. 1.). 



TABLE V 

Effect of Negative Ion Resonances on ~reakdown' 

Percentaae o f  Corn~onent Gas 

C4F.6 SF6 N2 CO $1 ope Intercept (vs) t 
- ( kV/a t m - m m )  (kV) R 

' ~ o t a l  pressure. 2 atm; sphere-plane electrode geometry. 

+~reakdown strength r e l a t i v e  t o  SF6 of 1. 



V I .  APPLIED STUDIES 

Breakdown Strengths o f  Gases/Mixtures w i t h  C y l i n d r i c a l  E lect rodes 

The apparatus descr ibed i n  Sect ion V I I I  has been used t o  make break- 

down measurements o f  SF6-N2 and c-C4F8-N2 mix tu res .  F igures 9, 10, 

and 11 show our  p r e l i m i n a r y  r e s u l t s  f o r  SF6-N2 m ix tu res  on t h e  breakdown 

vo l tages  f o r  i n n e r  s t a i n l e s s  s t e e l  e lec t rodes  o f  respec t i ve  r a d i i ,  1.4, 

0.75, and 0.4 cm, each i n s i d e  the  o u t e r  c y l i n d e r  o f  i n n e r  r a d i u s  2  cm. 

I n  a l l  experiments t he  t o t a l  pressure was 760 t o r r  ( 1  atm), and t h e  

SF6-N2 concen t ra t i on  f r a c t i o n  was v a r i e d  f rom 0  t o  100% by pressure. The 

o u t e r  c y l i n d e r  was a t  ground p o t e n t i a l ,  and the  i n n e r  c y l i n d e r  was a t  

e i t h e r  p o l a r i t y  o f  h igh  vo l tage.  S i m i l a r  measurements were made f o r  

c-C4F8-N2 mix tu res ,  and Figs.  12 and 13 show some o f  our  p r e l i m i n a r y  

r e s u l t s  f o r  t h i s  system f o r  i n n e r  e lec t rode  r a d i i  o f  0.75 and 0.4 cm. 

Each data p o i n t  i n  F igs .  9, 10, 11, 12, and 13 was the  average o f  a t  

1  eas t  10 breakdowns, and f o r  each the  random s c a t t e r  (s tandard d e v i a t i o n  

i mean) was l e s s  than' 3%. ~ x ~ e . r i m e n t s  a r e  i n  progress w i t h  an i n n e r  

e lec t rode  rad ius  o f  0.107 cm f o r  which corona o f t e n  precedes breakdown. 

1  
Our e a r l i e r  un i fo rm f i e l d  breakdown s t r e n g t h  data on SF6-N2 and 

c-C4F8-N2 mix tu res  a r e  a l s o  presented i n  F igs.  9, 10, 11, 12, and 13. 

They have been normal i zed . t . 0  t h e  nonuniform f i e l d  va lue o f  t he  V s  f o r  

pure N2 i n  each o f  t he  f i g u r e s .  . Al though the  normal ized un i f o rm and 

nonuniform f i e l d  data a re  n o t  d r a m a t i c a l l y  d i f f e r e n t ,  i t  i s  i n t e r e s t i n g  

t o  see t h a t  t h e  dependence o f  V, on t h e  amount o f  SF6 i n  N2 shows a  

s t ronge r  " s a t u r a t i o n "  e f f e c t  i n  un i f o rm than i n  nonuniform f i e l d s .  I n  

t h e  un i f o rm f i e l d  case, t he  SF6-N2 mix tu res  which c o n t a i n  more than 

40 t o  50% o f  SF6 showed l i t t l e  a d d i t i o n a l  improvement i n  V S .  I n  t h e  
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FIG.  9. Breakdown voltages for SF -N2 mixtures with cylindrical 
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FIG. 10. Breakdown vol tages  f o r  SF--N2 mixtures w i t h  cy1 ind r i ca l  
e l ec t rode  r a d i i  0.75 and 2 crn. (07 inner  e l e c t r o d e  a t  p o s i t i v e  

p o t e n t i a l ,  ( a )  inner  e l ec t rode  a t  negat ive p o t e n t i a l ,  
( A )  normalized uniform f i e l d  da ta .  
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FIG. 11. Breakdown voltages f o r  SF6-N2 mixtures w i t h  cy l indr ica l  
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( A )  normal ized un i fo rm f i e l d  data. 



nonuni form f i e l d s  o f  c o n c e n t r i c  c y l i n d e r  geometr ies,  t h e  V, versus % SF6 

curves exhi ,b i  t l e s s  o f  t h i s  s a t u r a t i o n .  Th i s  d i f f e r e n c e  between un i f o rm  

and nonuniform f i e l d s  seems t o  i nc rease  w i t h  i n c r e a s i n g  f i e l d  inhomo- 

g e n e i t y  (as t h e  r a d i u s  o f  t he  i n n e r  e l e c t r o d e  decreases; see' F igs .  9, 
. . 

10, and 11 ) .  Th.e above f i n d i n g s  c o u l d  be a t t r i b u t e d  t o  t he  f a c t  t h a t  

t h e  e l e c t r o n  energy d i s t r i b u t i o n  f u n c t i o n  i s  s h i f t e d  t o  h i g h e r  energ ies  

i n  t h e  case o f  nonuni form f i e l d s  and t o  remove t h e  same number o f ,  

e l e c t r o n s  more SF6 i s  needed because t h e  e l e c t r o n  at tachment  c ross  

s e c t i o n  f o r  SF6 i s  smal l  f o r  e l e c t r o n s  w i t h  energ ies  Z 0.5 eV (see. 

F ig .  11 i n  r .e f .  3; see a l s o  F i g .  7  o f  t h i s  r e p o r t ) .  Cons i s ten t  w i t h  

t h i s  i n t e r p r e t a t i o n  a r e  t he  da ta  i n  F igs .  12 and 13 where i t  i s  seen 

t h a t  when t h e  u n i f o r m  f i e l d  da ta  on V s  versus b o f  c-C4F8 i n  N 2 a r e  
A .  

no rma l i zed  t o  t h e  nonuni form f i e l d  da ta  on t he  same system, no s i g n i f i -  

c a n t  changes a r e  observed and p r a c t i c a l l y  no s a t u r a t i o n  e f f e c t  i s  

e v i d e n t  i n  e i t h e r .  The s u p e r i o r  behav io r  o f  c-C4F8 compared w i t h  

SF6 i s  a t t r i b u t e d  t o  t h e  f a c t  t h a t  t h e  e l e c t r o n  at tachment  c ross  

s e c t i o n  f o r  t h i s  molecule extends t o  h i ghe r  energ ies  than t h a t  f o r  

SF6 (see F ig .  8 i n  r e f .  3 ) .  Th i s  p r o p o s i t i o n  wi 11 be t e s t e d  f u r t h e r  

us i ng  o t h e r  systems, such as C4F6y f o r  which t he  magnitude o f  t h e  

e l e c t r o n  at tachment c ross  s e c t i o n  i s  a l s o  l a r g e  t o  much h i g h e r  
. . 

energ ies than f o r  SF6. 

It i s  f i n a l l y  no ted  (F igs .  9, 10, and 11)  t h a t  f o r  SF6-N2 m ix tu res  

the  h i g h e s t  breakdown vo l t ages  a re  ob ta ined  w i t h  t he  0.75-cm i n n e r  

e l e c t r o d e  rad ius .  Th i s  agrees w i t h  t h e  t h e o r y  t h a t  a r a t i o  o f  o u t e r  



, r a d i u s  t o  i n n e r  rad ius  o f  ~e  = 2.72 i s  optimum. . I n  F igs.  9  and 11, 

th , i s  r a t i o .  takes respec t i ve ' va lues  o f  approximately ?e and e/2. 

These . .  s tud ies  a r e  c u r r e n t l y  being extended . to  corona i n c e p t i o n  

versus breakdown, t o  o t h e r  gases/mixtures, and t o  the  e f f e c t s  o f  p o l a r i t y  

(noted i n  some o f  . t h e  ,data ~ i n  Figs. 9, 10, 1.1 , 12, and 13), sur face 
. . 

roughness , . and e lec t rode  composit ion..  
. . .  

. ..  . . . . 
The Problem o f  Carbon ~ e ~ d s ' i t s  f d r  ~ l u o r o d a r b o n s  

One o f  t he  p r a c t i c a l  d i f f i c u l t i e s  o f  us ing  f luorocarbons as gaseous 

i n s u l a t o r s  i s  t he  problem o f  carbon format ion 'caused by a  spark i n  the  
. : 

gas. I f  carbon i s  formed, i t  can depos i t  on an i n s u l a t o r  and cause a  

. c o n t i n u i n g  s h o r t ,  r ender ing  the ' i n s u l a t o r  un isab l  e. 
, . . .. 

We have indeed found t h a t  us ing f luorocarbons as u n i t a r y  gases leads 
. . .  

t o  t h e  f o r m a t i o n o f  ca'rbon upon an e l e c t r i c a l  discharge, espec ia l l y  a t  
. . .  

pressures 1  atm. We have a l s o  found, however, t h a t  one advantage o f  

a  multicomponent i n s u l a t o r  con ta in ing  f luorocarbon(s)  i s  t h a t  t he  problem 

o f  carbon fo rmat ion  i s  reduced o r  even e l im ina ted.  For examplei we have 

sparked a  m ix tu re  of 80%  SF^-20% C ~ F ~  (per f luorobutyne)  a t  a  t o t a l  pres- 

sure  o f  3500 t o r r  (Q 50 p s i g )  a t  300 kV w i t h  up t o  15 Joules o f  energy i n  

t h e  a r c  a'nd w i t h  a  t o t a l '  o f  over  200 j ou les .  No carbon depos i ts  were 

d i s c e r n i b l e  on the  e lec t rodes.  S i m i l a r l y ,  a  50% N2-40% SF6-10% C4F6 

m i x t u r e  a t  3500 t o r r  has been t e s t e d  w i t h  an equal amount o f  energy 

dumped i n t o ' a  se r ies  o'f a rcs  w i t h  no carbon deposi:ts observed. 
. . 

A t ' ransmission 1  i n e  breakdown w i l l ,  o f  course, dump more energy i n t o  

t h e  a r c .   onet the less, the  above t e s t s  i n d i c a t e  t h a t  carbon fo rmat ion  may 

n o t  be a  major problem f o r  multicomponent gaseous i n s u l a t o r s  con ta in ing  



V I  I. ENVIRONMENTAL EFFECTS OF DIELECTRIC GASES: ANALYSIS OF' THE 
BREAKDOWN PRODUCTS OF NEW GASEOUS INSULATORS 

. . 

The i.ncreased usage 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  

super io r  new gases and gas mix tures  f o r  t he  n a t i o n ' s  energy needs imposes 

on us the r e s p o n s i b i l i t y  t o  i d e n t i f y  the  decomposit ion p r o d u c t s . o j  such 

systems especia l  l y  under e l e c t r o n  impact: These and t h e i r  subsequent 

r e a c t i o n  products may be t o x i c . .  I d e n t i f i c a t i o n  o f  t he  i n i t i a l  products 

prov ides knowledge o f  the  precursors o f  the  f i n a l  products which being 

l o n g - l i v e d  a r e  o f  immediate concern t o  t h e  environment. Such knowledge 

w i l l  n o t  o n l y  enable us t o  i d e n t i f y  fo rmat ion  o f  poss ib le  t o x i c  products 

i n  the  d i e l e c t r i c  b u t  w i l l  a l s o  prov ide  the bas is  f o r  t he  poss ib le  

usage o f  chemical means t o  t rans form o r  t o  n e u t r a l i z e  the t o x i c  species 

formed. 

We have begun i d e n t i f y i n g  the  i n i t i a l  decomposit ion p r o d u c t s . o f  

new d i e l e c t r i c  gases/mixtures under e l e c t r o n  impact as a f u n c t i o n  o f  the  

e l e c t r o n  energy us ing  a t i m e - o f - f l i g h t  mass spectrometer. Also, we 

have begun a . mass . ana l ys i s  o f  samples o f  ac tua l  d i e l e c t r i c  gases/ 
. . .  

m ix tu res  taken f rom ou r  breakdown apparatus a f t e r  breakdown, i d e n t i f y i n g  

i n  t h i s  manner the  f i n a l ,  l o n g - l i v e d  species. I n  t h i s  l a t t e r  e f f o r t  we 

have used the  f a c i l i t i e s  o f  the  Mass Spectroscopy Group o f  the  A n a l y t i c a l  

Chemistry D i v i s i o n  o f  Oak Ridge N a t i o r ~ a l  Laboratory (ORFIL). A s tudy o f  the 

reac t i ons  the  i n i t i a l  products undergo w i t h  t h e i r  gaseous environment 

and of the  r e a c t i o n  pathways l ead ing  from the  i n i t i a l  (precursors)  t o  

t he  f i n a l  products i s  planned f o r  the  f u t u r e ,  making use o f  a h igh-  

pressure mass spectrometer. 



The r e s u l t s  of  t he  aforementioned s tud ies  a r e  important  a l so  i n  

assessing the  long- term s t a b i l i t y  o f  a  gaseous d i e l e c t r i c ,  even i n  the  

absence o f  breakdown. Low-energy f r e e  e lec t rons  a re  always present  i n  

t h e  d i e l e c t r i c  and these, depending on the  molecular  s t ruc tu re ,  can be 

exceedingly  d i s r u p t i v e  s ince  (mu1 t i p l e )  molecular  f ragmentat ion v i a  the  

process o f  d i s s o c i a t i v e  attachment can occur very  e f f i c i e n t l y  even w i t h  

"zero"  energy e l e c t r o n s  (see Appendix I11 and r e f .  7 ) .  

Mass Spectrometr ic  Studies 

us ing t  a  t i m e - o f - f  l i g h t  mass spectrometer we have i d e n t ~ t i e d  the  

main negat ive  ions  (pa ren t  and/or fragment) produced when quasi-  

monoenergetic e l e c t r o n  beams o f  enerqies from 0  t o  % 10 eV c o l l i d e  w i t h  

C4F6 (per f luoro-2-butyne) .  Very i n t e r e s t i n g l y  i t  was found t h a t  the  
, * 

paren t  i o n  C4F6 i s  by f a r  the  most abundant negat ive i o n  formed w i t h i n  

t h i s  energy range. I f  o t h e r  fragment i o n s  are  formed, they should have 

- * l e s s  than 1/200 the  i n t e n s i t y  o f  the C4F6 parent  ion .  From the 

p r a c t i c a l  p o i n t  o f  view, t h i s  i s  q u i t e  s i g n i f i c a n t  s ince  i t  i n d i c a t e s  

t h a t  C4F6 does n o t  decompose e f f i c i e n t l y  upon e l e c t r o n  c o l l i ' s i o n ,  pre-  

se rv ing  the  i n t e g r i t y  o f  t he  d i e l e c t r i c  w i t h  t ime. 

The dependence o f  t h e  y i e l d  o f  the  parent  negat ive  i o n  ( c ~ F ~ ' * )  on 

the  e l e c t r o n  energy i s  shown i n  F ig.  14. I t  i s  cons i s ten t  w i t h  the 

abso lu te  e l e c t r o n  attachment cross sect i0.n as a  f u n c t i o n  o f  e l e c t r o n  

energy deduced e a r l i e r  from our e l e c t r o n  swarm s tud ies .  The energy 

sca le  i n  F ig.  14 has been c a l i b r a t e d  w i t h  respect  t o  the  p o s i t i o n  

 h his work has been performed p r i m a r i l y  by J. G. Car te r  and J. Cowan of 

t h e  Atomic, Molecular  and High Voltage Physics Group. 

- 
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FIG. 14. Product ion o f  C4F parent  negat ive  ions  as a f ~ r n c t i o n  of 
e l e c t r o n  energy C4F6 ( p e r f 1  uoro-2-butyne). 



- 
(0.37 eV) o f  t h e  SF5 f rom SF6 resonance.8 The mean autodetachment 

- * 1 i f e t i n i e  of C4F6 a t  a 0.0 eV was found t o  be 1. 15 psec. A t  normal 

pressures the  i o n  i s ,  o f  course, complete ly  s t a b i l i z e d  v i a  c o l l i s i o n s .  

Per f1 uorobutene-2 (C4F8) has a1 so been s tud ied  us ing  ou r  t ime-of-  

f l i g h t  mass spectrometer.  Although i n  t h i s  case the parent  i o n  c ~ F ~ - *  

was aga in  found t o  be t h e  main negat ive  i o n  w i t h  maximum i n t e n s i t y  a t  

a 0.0 ;v, a  v a r i e t y  o f  fragment ions  were detected: c ~ F ~ -  a t  a 0.0 eV 

and F-, CF3- and C3F5- a t  h igher  energies (% 5 eV). The r e l a t i v e  

i n t e n s i t i e s  o f  t h e  observed fragment ions  w i t h  respect  t o  t he  parent  

- * 
i o n  C4F8 i n t e n s i t y  of 1000 a r e  9, 600, 10, and 8 f o r  C4F6-, F-, CF3-, 

- - * 
and C3F5 , r e s p e c t i v e l y .  The l i f e t i m e  o f  C4F8 a t  a 0.0 eV was found 

t o  be a 12 psec. 

Breakdown Product Ana lys is  

When breakdown occurs i n  a gaseous d i e l e c t r i c ,  i n  a d d i t i o n  t o  the  

dominant e lect ron-molecule i n t e r a c t i o n s ,  o the r  processes such as 

phys i ca l  heat ing  o f  t he  gas and r e s u l t a n t  molecular  decomposition, 

p o s i t i v e  i o n  fo rmat ion  v i a  higher-energy e lec t rons ,  and photo ion iza t ion ,  

take p lace.  The products of these firocesses and t h e i r  subsequent reac t i ons  

eventual l y  1 ead t o  t h e  f i n a l  breakdown products, which must be i d e n t i f i e d .  

I n  p u r s u i t  o f  such knowledge we began some i n i t i a l  experiments 

wherein we sparked gases across sphere-sphere e lec t rodes he ld  a t  

f i x e d  d is tances  f o r  va ry ing  per iods  o f  t ime (and then va ry ing  energy 

i n p u t s  i n t o  t h e  gas).  Fo l lowing sparking, the gas was run  through a 

gas chromatograph belonging t o  the  A n a l y t i c a l  Chemistry D i v i s i o n  o f  ORNL. 

I n  a gas'chromatograph, GC, the  sample under s tudy i s  i n j e c t e d  i n t o  a 

high-pressure stream o f  gas (e.g., He o r  Hz). The gas and the en t ra ined 



sample a re  passed through a column o f  packed b u t  porous m a t e r i a l .  With 

p r o p e r l y  chosen column m a t e r i a l ,  var ious  sample components have s u f f i -  

c i e n t l y  d i f f e r e n t  " throughput"  t imes t o  be separated a t  t he  end o f  t he  

c o l  umn. where a d e t e c t o r  (an ionizer-mass spectrometer i n  our  case) i s  

'used t o  i d e n t i f y  each o f  t he  separated species. 

P re l im ina ry  gas chromatography breakdown produc t  a n a l y s i s  on SF6 

i n d i c a t e d  t h a t  SF4, a known t o x i c  species, i s  a  prominent breakdown 

- decomposit ion product.  Studies on C4F6 a re  planned, a l though some 

p r e l i m i n a r y  r e s u l t s  have been ob ta ined f o r  t h e  multicomponent m ix tu re  

10% C4F6-40% SF6-50% N2. Th is  m i x t u r e  was sparked a t  var ious  vo l tages  

up,- to  300 kV- and 'a1 lowed . t o  c.or.ona:'for t imes. . to  .L 60 minutes.. .'1n. 

F ig .  15; t he  t o t a l  i o n  c u r r e n t  o f  the  GC column ou tpu t  as de tec ted  i n  

t h e  ionizer-mass spectrometer i s  p l o t t e d  as a f u n c t i o n  o f  the  t ime a f t e r  

t h e  i n j e c t i o n  o f  t h e  sample. A t e n t a t i v e  i d e n t i f i c a t i o n  o f  t h e  peaks i s  

shown i n  t he  f igure .  The th ree  major  peaks are, as expected,' due t o  t he  

components (N2, SF$,  and-C 4 F'.)* 6  o f  t he  tek t ia ry " r i i i x t '&e .  '?he peaks a t  

.L 470 and 525 sec a re  i d e n t i f i e d  as r e a c t i o n  products o f   and C ~ F ~  

p o s s i b l y  S2C2F2 (1  26 amu) and S2C2F4 (164 amu). The 610 and 700 sec 

peaks a r e  a t t r i b u t e d  t o  an i m p u r i t y  (C4F6C12) i n  t h e  C4F6 gas as 

supp l ied  t o  us by Columbia Chemical Company. (The chemical C4F6C12 i s  

used t o  make C4F6 and cou ld  be a major  i m p u r i t y  i n  C4F6 i f  proper  

p recaut ions  a r e  n o t  taken. ) . 

I d e n t i f i c a t i o n  o f  t h e  c n n s t i  tuents o f  I n s u l a t i n g  gascs/mixtures 

a f t e r  v a r i e d  per iods  o f  spark ing and corona w i l l  con t inue  and wi 11 

i n c l u d e  a q u a n t i t a t i v e  a n a l y s i s  as w e l l .  
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FIG. 15. To ta l  i o n  c u r r e n t  versus t ime f o l l o w i n g  sample i n j e c t i o n  i n  t h e  
gas chromatograph column (see t e x t  f o r  d i scuss ion ) .  
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V I I I .  APPARATUS 

High Pressure, Var iable Temperature Breakdown Apparatus 

During t h i s  period, the design and f ab r i ca t i on  o f  a new high-pressure 

breakdown apparatus were completed. This apparatus should enable us t o  

achieve voltages up t o  300 kV using a small volume o f  gas up t o  Q 11 atm 

o f  pressure. I n  addi t ion,  the temperature, T, o f  the t e s t  chamber w i l l  

be con t ro l l ab le  ( -  50°C & T $ 150°C) so t h a t  actual  f i e l d  use condi t ions 

can be approximated. 

Figures 16 and 17 show the new chamber p a r t i a l l y  assembled. I t  

occupies the rad io  frequency sh ie ld ing  cage which former ly housed the 

sphere-plane apparatus. The chamber i t s e l f  i s  made o f  316 s ta in less  

s tee l .  It i s  approximately 19 i n .  i n  height  and 10-112 i n .  i n  

diameter w i t h  s i x  1-112-in.-diameter and two 4-in.-diameter por ts  

around the bottom por t ion.  These por ts  w i l l  be used f o r  pumpout, gas 

i n l e t s ,  and as observation windows. The chamber i t s e l f  mounts on a 

f iberboard i nsu la to r  which thermal ly i so la tes  the chamber from the sup- 

p o r t  stand. The system w i l l  be pumped by an o i l  d i f f u s i o n  pump w i t h  a 

f reon re f r i ge ra ted  co ld  t r ap  and a mechanical roughing pump. A gas 

i n l e t  mani fo ld system has been constructed t o  f a c i l i t a t e  the hand1 i n g  o f  

gas mixtures; more gas b o t t l e s  can be attached t o  the system, and the 

feedlines can be evacuated separately from the chamber. 

The chamber i s  designed f o r  150 ps ig  (approximately 11 atm absolute), 

which covers the p rac t i ca l  range o f  pressures f o r  h igh vol tage devices. 

The pressure vessel was designed t o  s t r i c t  l oca l  const ruct ion codes and 

has been approved by the ORNL Pressure Review Cornmi t tee.  Also, a1 1 ORNL 

Qua1 i ty Assurance procedures were f o l l  owed throughout the various stages 



FIG. 16.  k view o f  the high pressure, variable temperature breakdcbwn appa-atus. 



FIG. It. E k  > t e s t  cham* ,far' the h i  ah pressure, varfabl e temperature b, ,skdown apparatus. 
. . .  



o f  construct ion.  The system was hydrostat i  ca l  l y  tested before being 

released from the shop. For p ro tec t ion  against  an accidental over- 

pressure, we w i l l  i n s t a l l  a  knife-blade-type rupture disc on one o f  the 

4-in.-diameter ports.  

The high vol tage w i l l  be supplied by our Del tatron L300-2C power 

supply from Del ta  Ray Corporation. This i s  a  300-kV DC supply w i t h  low 

r i p p l e  (< 0.01% peak t o  peak a t  maximum voltage and current )  which we 

have used on our plane-plane electrode apparatus. I t  has an i n te rna l  

type HV feedthrough which el iminates the need f o r  a  large a i r  external 

insu la to r .  

An i den t i ca l  feedthrough w i l l  be used t o  b r ing  the high voltage 

i n t o  the t e s t  chamber. This type o f  feedthrough i s  r e l a t i v e l y  inexpen- 

s ive  and can be r e a d i l y  obtained from Delta Ray Corporation. 

The i n te rna l  volume o f  the vessel i s  approximately 16 1 i t e r s  which 

includes the volume o f  the  ports.  As i s  seen i n  Figs. 18 and 19, a  

spec ia l l y  designed Tef lon plug anchored from the top f lange surrounds 

the cable feedthrough and serves both t o  occupy volume and t o  provide 

add i t iona l  insu la t ion .  A small volume i s  desirable since the amount o f  

gas used i s  less,  and the gas can be pumped out  and cycled much fas te r  

than i n  la rger  chambers. 

To study the breakdown voltage as a  func t ion  of temperature, we have 

designed an oven f o r  heat ing the chamber t o  Q 150°C. The oven i s  com- 

p r i sed  o f  sections which can be f i t t e d  around the por ts  and HV feedthrough. 

It i s  constructed from t h i n  s ta in less s tee l  and f i l l e d  w i t h  insu la t ion.  

E l e c t r i c a l  resistance heaters are placed on the inner  surface o f  the oven. 

The oven i s  s i m i l a r  t o  one cu r ren t l y  i n  use i n  an experiment o f  our basic 



FIG.  18. Cross sectional view o f  the new high pressure, varial  
temperature chamber: (1 ) uniform f i e l d  electrodes, (2)  P e f l o ~  

spacer, (3)  high voltage cable, (4 )  high pressure chamber, 
(5 )  oven, (6 )  ground feedthrough, (7 )  1 inear  motion dr ive ,  

(8) support stand, (9 )  ports, (10) resistance heaters. 
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FIG. 19. Teflon plug, cable ternination, mu electrodes for  he iew 
high pressure, varicble temperature brea kdwn apparat~s. 



research program. Regulation o f  the temperatuVe t o  w i t h i n  a degree o r  

less can be achieved by means o f  a proport ional  con t ro l le r .  Temperatures 

w i l l  be monitored by sheathed thermocouples o f  chromel-alumel connected 

t o  a d i g i t a l  readout monitor. A cool ing jacket  f i t t i n g  snugly around 

the outside o f  the chamber has been constructed and tested. The jacke t  

i s  made i n  separate sections o f  copper f o r  the sides, top, and bottom. 

L iqu id  nitrogen, l i q u i d  ni t rogen vapor, o r  other coolants can be c i rcu -  

l a ted  through the  jacket. The oven w i l l  be used as thermal Insu la t ion  

f o r  the cool ing system as wel l  since i t  w i l l  t o t a l l y  enclose the chamber. 

To prevent condensation o f  moisture from the laboratory  a i r ,  a s l i g h t  

pos i t i ve  pressure o f  N2 gas w i l l  be maintained between the cool ing 

jacket and the oven. Temperatures f o r  the cool ing system w i l l  be 

monitored w i t h  the same thermocouples. 

I n i t i a l  breakdown measurements on our most promi s ing gaseous systems 

w i l l  be made as a funct ion o f  temperature using plane-plane electrodes 

o f  Pearson-Harrison profi le,which we have used i n  our previous studies. 3 

Appl i e d  Studies (Cyl i n d r i c a l  Electrode) Fac i l  i ty 

I n  t h i s  per iod the appl ied studies f a c i l i t y  has been b u i l t ,  tested, 

and pu t  i n t o  operation. With t h i s  f a c i l  i ty,  gases/mixtures selected 

through our basic studies are tested under condi t ions corresponding t o  

appl ications, w i t h  the resu l t s  being corre la ted on the one hand w i t h  

basic physicochemical data, and on the other hand w i t h  engineering design 

ru les  for  p rac t i ca l  apparatus. I n  the l a t t e r  case "the sca l ing f ac to r "  

s t i l l  remains a problem. 

With t h i s  f a c i l i t y ,  breakdown strength measurements o f  gases/mixtures 

i n  the f i e l d s  o f  concentr ic cy l inders  w i t h  various degrees o f  roughness 



can be made. Such studies w i l l  a lso include the e f f ec t s  o f  e lectrode 

mater ia l  composition and the ac t ion  o f  t r iggered gaps w i t h  various 

ga$es/mi xtures. The concentr ic c y l  inder  electrodes are shown i n  Figs. 20 

and 21. The outer  cy l inder  was machined w i t h  smoothly tapered ends from 

a s o l i d  brass block t o  e f f e c t  a cy l inder  o f  2-cm inner  radius and a 

10-cm length o f  cen t ra l  cy l inder ,  p lus  11-cm length o f  tapered ends. 

E ight  inner cy l inders  o f  27-cm length have been made o f  thrcc  materials 

(s ta in less s tee l ,  copper, and aluminum) and r a d i i  0.107, 0.4, 0.75, and 

1.4 cm. The inner  electrode i s  held a t  the ends and i s  centered w i t h i n  

the outer  e lectrode by Plexiglas discs; i n  the chamber a high voltage 

rod i s  screwed i n t o  the inner  electrode. The smaller electrodes (Fig. 21) 

are he ld  i n  t he  P lex ig las discs by appropriate Plexiglas bushings. 

The concentr ic cy l inder  electrodes are mounted i n  a high vacuum 

chamber w i t h  appropr iate gas, op t i ca l ,  and e l e c t r i c a l  por ts  (see Fig. 22). 

The chamber has approximately 6 0 - l i t e r s  volume but  i n  concentr ic 

cy l i nde r  t es t s  approximately 20 l i t e r s  o f  t h i s  volume are occupied by 

sealed glassware. The electrodes are accessible through a top cover. 

They are posi t ioned w i t h  one end toward the high voltage cable and the 

other  end facing a 2-in.-d,iameter quartz window fac ing the rear  cage 

wal l .  U l t r a v i o l e t  1 i g h t  from a 6 0 w a t t  deuterium lamp can be d i rec ted  

onto the  inner  cy l inder  through the window v i a  a p a r t i a l l y - r e f l e c t i n g ,  

p a r t i a l l y - t r a n s m i t t i n g  m i r ro r  made by vacuum deposit ion o f  aluminum such 

t h a t  t he  operator has f u l l  view through the window from outside the cage. 

The chamber receives high voltage v i a  a cable feedthrough o f  the 

type used a t  the output of Del ta Ray Corporation power supplies. The 

ground (outer) e lectrode i s  connected on ly  t o  a 50-kV bushing i n  the 



FIG. 20, Concentric cylinder electrodes for applied studies facf l i ty .  





chamber wal l  w i t h  e l e c t r i c a l  connection t o  ground made outs ide the 

chamber through small current-sensing res is to rs .  

Figure 22 provides a view o f  the apparatus i n  the sh ie ld ing  cage 

as seen through i t s  door. The new 300-kV DC supply f o r  t h i s  apparatus 

i s  expected from the manufacturer i n  November 1977; a surplus 0 t o  150-kV 

DC supply has been repaired and pu t  i n t o  serv ice i n  the in ter im.  It con- 

s i s t s  o f  an o i l  tank f o r  h igh vol tage components and low vol tage con t ro ls  

mounted i n  the rack outs ide the cage. These con t ro ls  make the usual 

provis ions f o r  turn-on sequence, in te r locks ,  and automatic t u rn -o f f  f o r  

overcurrent and overvoltage. The o i l  tank employs vacuum diodes i n  a 

vo l  tage-doubl e r  c i r c u i t ,  charging two 0. 006-UF capaci tors i n  series. It 

a lso provides a 300-MQ r e s i s t o r  s t r i n g  f o r  the voltage d iv ide r .  

The high voltage par ts  o f  the equipment are shielded w i t h i n  the 

w i re  mesh "cage" t o  avoid excessive noise e f f e c t s  on the instrumentation. 

The cage i s  a two-independent-layers type purchased from E r i k  Lindgren 

Company. I t s  modular const ruct ion w i  11 f a c i l i t a t e  f u t u r e  expansions 

and/or modi f icat ions.  High vol tage i s  ca r r i ed  by the 150-kV DC power 

supply b lack cable i n  the l e f t  foreground up t o  an open corona sh ie l d  

topped by a hemisphere (a d i ve r t e r  e lectrode) and down through another 

( l a rge r  whi te)  cable i n t o  the rectangular  t e s t  chamber (see Fig. 22). 

The d i v e r t e r  motor and t r i g g e r  generator and the cage feedthrough panel 

f o r  ca r ry ing  coo l ing water, exhaust gases, power, and instrumentat ion 

s ignals arc  v i s i b l e  over the chamber. 

Figure 23 shaws the  cage ex te r io r .  Outside the cage are seen the 

experiment con t ro ls  and the cage feedthrough panel. 



FIG. 22. Interior of shielding cage of cylindrical electrode faci l i ty .  
( 1  ) Chamber, (2) rear cage wall, ( 3 )  power supply (4)  supply output 
cable, (5)  HV diverter electrode and corona shield, (6 )  chamber HV 

input cable, ( 7 )  vacuum pumps, (8)  diverter motor and trigger 
generator, (9 )  cage feedthrough panel, (10) chamber HV 

feedthrough, ( 1  1 ) diverter ground electrode. 



FIG. 23. Exterior view of the shielding cage of cylindrical electrode 
facil ity. ( 1  ) Power supply controls, (2 )  automated control ler, 

(3 )  digital voltmeter, ( 4 )  cage feedthrough panel. 



Test gases are introduced into the chamber a f te r  i t  i s  pumped out 

t o  a h i g h  vacuum (better  than 1 0 ' ~  to r r )  by the mechanical forepump 

and an oil  diffusion pump w i t h  liquid nitrogen trap. The vacuum 

pressures are monitored by a thermocouple gauge and an ion gauge. Test 

gases are admitted a t  several valved ports as the chamber pressure i s  

monitored by a Wallace and Tiernan FA-145 pressure gauge; mixtures are 

formed according to  the measured partial pressures of the components. 

High voltage DC i s  applied between the electrodes by a locally 

produced electronic controller rising a t  a slow controlled rate,  

beginning from some selected "basen vol tage be1 ow breakdown, During this 

vo1 tage r ise ,  the gap is  i l l  uminated by ultraviolet 1 i g h t  and the voltage 

is repeatedly sampled by a digital voltmeter. Breakdown is sensed either 

by l igh t  or by ground electrode current, and the controller causes the 

digital  voltmeter to automatically hold the l a s t  voltage reading before 

the event, while the h i g h  voltage is rapidly returned to  the lower "base" 

value. The voltage reading i s  held for  a preset time for recording and 

then the cycle i s  automatically repeated. 

In order to  l imit  the energy of the breakdown arcs, a "diverter- 

spark gap across the h i g h  voltage supply i s  triggered w i t h i n  microseconds 

a f te r  the event to lower the voltage until the power supply controls are 

returned to the "base" setting some seconds later .  T h i s  diverter gap 

minimizes spark effects on the electrodes and t e s t  gas. The diverter 

gap i s  formed by two 6-in.-diameter stainless steel hemispheres, one 

a t  high voltage and backed by a corona shield and one a t  ground poten- 

t i a l  and f i t t ed  w i t h  the trigger electrode. The diverter-grounded 

electrode i s  suspended from the ceil  ina by a chain drive so that a 1 inear 



actqato~.motor/gear s e t  can,be run . to  adjust  the.gap from outside. The 

. t r igger  spark generator,...consisting of a high performance automobile . .  

ignition system,..is.mounted a t  the ceil ing adjacent to the.gap-adjustment 

motor. . .  

. . . . 
1n terchingeabi 1 i ty of Components ~btween Our ~ h r e e  Breakdown Apparatuses 

~ i - t h  the impending arrival of a new 300-kV DC power supply, the 

instal  1 a tion of the temperature/pressure e f fec ts  'apparatus , and some 

remaining minor modifications, the three breakdown apparatuses will 

u t i l i ze  interchangeable controls. The t e s t  chambers will a l l  be f i t t e d  

with -identical high voltage feedthroughs, and the power suppl i.es will be 

on ro l l e r s  so tha t  the supplies can be interchanged. The diverter  being 

developed in the cylindrical electrode f a c i l i t y  can be inexpensively 

bu i l t  and used fo r  the other apparatuses as well. 

Image Converter Camera 

Our search for  such a camera, to  be used fo r  basic studies of break- 

down phenomena a t  very short  times and also for  studies of the time 

evaluation of the breakdown process, has been completed. We were vis i ted 

by Mr. J .  Owren of Marco Scient i f ic  who demonstrated an Imacon 675 image 

converter camera. We have j u s t ,  received detai 1 ed information and a 

price l i s t  from Mr. Owren. We are  studying th i s  along with information 

on a Qud~ltrad camera for  a pending final selection. 

Automation of the Time-of-Flight Mass Spectrometer Apparatus 

We have completed the f i r s t  phase of automation of our time-of- 

f l i g h t  mass spectrometer in order to  speed up  the data acquisition fo r  

our studies on the fragmentation of d ie lec t r ic  gas molecules under 



low-energy e l e c t r o n  bombardment. A l o c k - i n  a m p l i f i e r  and a s igna l  analyzer  

have been incorpora ted  i n  the  ou tpu t  phase o f  the apparatus which g r e a t l y  

improved the  q u a l i t y  and q u a n t i t y  o f  the  data. The second stage o f  auto- 

mat ion i nvo l ves  a d i g i t a l  c o n t r o l l e r .  The requ i red  devices f o r  t h i s  

stage a r e  be ing  b u i l t ;  they  a re  scheduled f o r  complet ion i n  October 1977. 

I n  t h i s  way t h e  da ta - tak ing  process w i l l  be speeded up f i f t y - f o l d  com- 

pared w i t h .  t h e  manual ope ra t i on  o f  the  spectrometer. 



IX. RADIOGRAPHY OF ENERGIZED GAS-INSULATED SYSTEMS 

C a l c u l a t i o n s  o f  t h e  e f f e c t s  o f  rad iography  on an energ ized  gas- 

i n s u l a t e d  cab le  have been performed and a r e  o u t l i n e d  i n  Appendix 11. 

On t h e  bas i s  o f  these, no e f f e c t  o f  rad iography  i s  foreseen. 



X. INTERNATIONAL SYMPOSIUM ON GASEOUS DIELECTRICS 

. . 
In May 1977, the initial announcement concerning the Symposium to 

be held in Knoxville, Tennessee, on March 6-8, 1978, was promulgated. 

This letter notified about 250 individual s throughout the .world of the 

Symposium and its purpose. Also, it issued a call for papers on specific 

topics of interest which had been formulated from suggestions from a 

number of the world's key researchers in gaseous dielectrics. 

In late June, the Advance Program was mailed, delineatinq th~se 

individuals invited to be speakers, session chairmen, and panel partici- 

pants. Also, detailed information on times of sessions, format, 

registration, fees, and hotel accommodations was included. 

By September, numerous abstracts were received and distributed to 

the Program Committee for review and selection. The final program will 

be drafted in early October, and appropriate announcements and notifica- 

tions will be made immediately thereafter. 

Detailed arrangements for the Symposium and the Proceedings will 

remain a continuing endeavor. 



X I .  PUBLICATIONS, AND CONTACTS 

Pub1 i c a t i o n s  

1. "Improved U n i t a r y  and Multicomponent Gaseous Insu la to rs , "  by 

M. 0. Pace, L. G. Christophorou, D. R. James, R. Y .  Pai ,  R. A. Mathis,  

and D. W, Bouldin,  IEEE Trans. E lec t .  I n s u l  . ( i n  p ress) ;  a l s o  Proc. 

IEEE E l e c t r i c a l / E l e c t r o n i c s  I n s u l a t i o n  Conference, Chicago, I l l i n o i s ,  

September 26-29, 1977. 

2. "Elementary Elect ron-Molecule I n t e r a c t i o n s  and Negat ive I o n  

Resonances a t  Subexc i t a t i on  Energies and The i r  S i g n i f i c a n c e  i n  Gaseous 

D i e l e c t r i c s , "  by L. G. Christophorou, Proc. X I I I t h  I n t e r n a t i o n a l  

Conference on Phenomena i n  I on i zed  Gases (Vol . I 1  I, I n v i t e d  Lectures) ,  

B e r l i n ,  East Germany, September 11-17, 1977. 

3.  "Breakdown Voltages o f  Some New U n i t a r y  and Multicomponent Gas 

Mixtures," by D. R. James, L. G. Christophorou, R. Y .  Pai ,  M. 0. Pace, 
. . 

R. A. Mathis,  and D. W .  Bould in,  Proc. Conference on E l e c t r i c a l  

I n s u l a t i o n  and U i e ' l e c t r i c  Phenomena, -Colonic, New York, Uctober 17-20, 

1977. 

Contacts 

We cont inued communications w. i th . lead ing  researchers i n '  t h e  U.S. 

and Europe, as w e l l  as w i t h  users o f  gaseous d i e l e c t r i c s  and manufacturers 

o f  1  abora tory  apparatus. 

We have been v i s i t e d  by D r .  C. Po l l ock  o f  Union 

Carbide, Dr. D. Razeh o f  the Rad ia t i on  Laboratory a t  t he  U n i v e r s i t y  o f  

Not re  Dame, D r .  R. K e i l  o f  Heidelberg U n i v e r s i t y ,  D r .  A. A. Chr is todou l ides  

o f  t h e  U n i v e r s i t y  o f  Ioannina i n ~ t r e e c e ,  and Dr. Y .  Ichikawa o f  t h e  



U n i v e r s i t y  of  Tokyo. M r .  Joe Owren, Vice Pres ident  o f  Marco S c i e n t i f i c  
- 

Company, v i s i t e d  t o  demonstrate the  Imacon model 675 image conver te r  

camera. 

Others a t  ORNL cont inue t o  i n t e r a c t  w i t h  us on the  var ious  aspects 

o f  t h e  h igh  vo l tage  research p r o j e c t ,  no tab l y  H. Schweinler, H. H. 

Hubbel l ,  Jr . ,  R. D. B i r kho f f ,  J. G. Car ter ,  and J. J. Cowan. 

A d d i t i o n a l l y ,  t h e  A n a l y t i c a l  Chemistry D i v i s i o n  o f  ORNL has a ided i n  

analyses o f  gases and breakdown products.  The ORNL Ins t rumenta t ion  and 

Cont ro ls  D i v i s i o n  has a ided i n  c a l i b r a t i o n .  L. G. Christophorou 

presented a seminar on our  work t o  those i n  the ORNL Physics D i v i s i o n  

concerned w i t h  h igh  vo l tage  acce le ra to rs .  

We corresponded w i t h  many col leagues i n  many coun t r i es  and discussed 

the  many and v a r i e d  aspects o f  gaseous d i e l e c t r i c s  w i t h  a c t i v e  groups i n  

t he  U.S. and Europe ( e s p e c i a l l y  Denmark, Germany, and Swi tzer land) .  

Dr. A. Cookson o f  Westinghouse and D r .  J. A. Rees o f  t he  U n i v e r s i t y  o f  

L i ve rpoo l  have contacted us concerning improved gases and mixtures,  

e s p e c i a l l y  C4F6. 

I n  May ou r  program rev iew was he ld  i n  Washington, p r o v i d i n g  usefu l  

d iscussions w i t h  ou r  Department o f  Energy and E l e c t r i c  Power Research 

I n s t i t u t e  col leagues.  I n  September we had an i n t e r e s t i n g  meeting w i t h  

Westinghouse and DuPont col leagues a t  t h e  EPRI headquarters i n  

Was h i  ng ton. 

Two tou rs  o f  our  l a b o r a t o r i e s  were made i n  September by the  

s e c r e t a r i a l  s t a f f s  o f  ORNL's d i r e c t o r  and assoc ia te  d i r e c t o r s  and those 

f rom DOE i n  Washington. 



Industrial contacts in t h i s  period include those with Maxwell 

Laboratories, Sorenson, Marco Scient i f ic ,  Tektronics Research, Inc., 

RFL Industries, Ross Engineering, Quantrad Corporation, Erik A. Lindgren 

and Associates , Inc. , Continental Disc Corporation, Hamamatsu Corporation, 

General Engineering and Applied Research, Inc., and Armageddon Chemical 

Company. Advice on high-speed cameras also came from Mississippi State  

University and the University of Quebec. 

During th i s  period we were joined by Ching C. Chan, an Electrical 

Engineering graduate student a t  The ,University of Tennessee. 
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Appendix I 

STRUCTUR4L FORMULAE, SYNOFYNS, AN0 BREAKDOWN STRENGTHS OF SOME UNITARY G A S E S ~  

D i e l e c t r i c  P r o p e r t i e s  

D i e l e c t r i c  Gas S t r u c t u r a l  Formu1 a Synonyms E lec t rode  Pressure Range Pd Range u s )  + 
Geometry ( t o r r )  (atn-mm) R 

Hydrogen (H2) sphere-pl ane 1520 2-6 . 0.25 

N i t rogen  (N2) plane-plane 500 1 .O-5.4 0.40 

carbon Monoxide (CO) sphere-plane 1520 0.5-4.0 0.50 

Carbon D- ox ide  (C021 carbonic anhydride, va r ious  0.075-3.83 x l o 4  10- -187.5 0.37' 3 

casbonic a c i d  

Oichlorodi f luoromethane Freon-1 2., Genetron-12, plane-plane 200-600 1.3-26.3 , ' 1 . 0 3 ~ ~  
(cCl2F2) Arcton-12, Isot ron-12,  Ucon-12 

S u l f u r  Hexa f luo r ide  
(SF6) 

Per f1 uoropropane (C3FE) 

F ' F  F 
I l l  

F-C-C-C-F 
I l l  
F F F  

Hexaf luorobutyne (CqF6) 
I I 

F-C-C=C-C-F 
I I 
F F 

o c l a f l  uoropropane 

sphere-plane 500-2065 0.5-3.0 1 .o 
p lane-plane 500-2000 2.0-33.9 1 .O 
sphere-plane 83, 100, 154 0.5-2.0 1 .o 

sphere-plane 760 1 .O-3.0 0.93 

sphere-plane 760-1 100 0.5-1.5 2.1-2.2 
plane-plane 500 1.2-3.8 2.2 
sphere-plane 83, 100 0.5-2.0 , 1.7-1.9 

t ~ h i s  t a b l e  w i l l  be expanded t o  i n c l u d e  o t h e r  gases a ~ d  a l s o  the  rmost s i g n i f i c a n t  physicochemical p r o p e r t i e s  (such as b o i l i n g  p o i n t ,  v i s c o s i t y ,  thermal 
conduct iv i ty . ,  t o x i c i t y ,  et,c.) o f  gaseous d . i e l e c t r i c s  i n  the  n e x l  semiannual r e p o r t .  

f ~ r e a k d o w n  s t r e n a t h  r e l a t i . v e  t o  SF6 = 1 as measured b.4 t h e  ORNL croub, exceDt where noted. 
' ~ r o r n  H. ~ i n k e l n i e m ~ e r ,  2 .  ~ r a s u d k r ,  J. Gerhold, T. W. Oakin, ~ l i c t r a - 5 2 ,  67 (1977). 
l l ~ r o r n  I. 0. Chalmers and 0. J. Tedford. Proc. IEE l l 3 [12) . ,  1893 41971): 



Dielestri: Properties 

Synonyms Electrode Pressure R3ige Pd Range u s )  
Geometry ( co.-r ) (a tm-mm) R 

Dielec t r ic  Gas S-ructural Formula 

Hexaf 1 uoro-1,3-butadiene 
(C4F6) 

sphere-plane 188, 281 0.5-3.0 1.4 

sphere-pl ane 500-1 6011 
]lane-plane 500-1 0011 

I I 
F-C-C-F 

I I 
F-C-C-F 

I I 
F F 

perf 1 uorocyclobutane, 
Freon C318, cyclic-C4F8 

sphere-plane 760-1 350 
plane-plane 500-i 000 

Perfluorocyclopentene 
(1:5F8) 

octaf luorocyclopentene zphere-plane 151, 153 

Hexafluorobenzene 
(c6F6) 

perf 1 uorobenzene zphere-plane 

"Pure gas not studied; low pe rcen taps  i f  C6F6 in SF6 improved d i e l e c t r i c  strength r e l a t i ve  t o  pure SF6. 



Die1 e c t r i c  Properties 

Die lec t r ic  Gas Structural  F o m ~ l  a Synonym Electrode Pressure Range Pd Range 0 , )  
Geometry ( t o r r )  (atm-mm) R 

F F 
Y 

Perf 1 uorocycl ohexene 
(C6F10) 

Perfluorcdimethylcyclo- 
butane (C6F12) 

Perf1 uormethylcyclo- 
hexane {C7Fl1) 

CF3 CF3 
I  I 

F-C-C-F 

(1,2 isomer) 

F F F F F F F  
I I I I I I I  
C=C-C-C-C-C-C-F 
I I I I I I  
F F F F F F  

decafluorocyclohexene sphere-pl ane 

sphere-pl ane 

sphere-pl ane 

hedecaf  1 uorocycl ohexane, sphere-pl ane 
trifluoromethylcyclohexane 

t t ~ i x t u r e  of 1.2- and 1,3-p~rfluocodimethylcyclobutane. 



Eiel lectr ic  Propert ies 

D i e l e c t r i c  .Gas St ructura l  Formula Synonyms . Electrode Pressure Range Pd Range 1 
Geometry ( t o r r :  (atm-mm)' - R .  

Perfluoro-1,3-dimethyl- 
cyclohexane (C8F16) 

sphere-plane 

* * ( v S )  not  determined since SF6 dgta a t  35 t o r r  could not  be taken. Strength r e l a t i v e  t o  ClF6 (perfluoro-2-butyne) 3 t  35 t o r r  was 1.3.  
R 



Appendix I 1  

ESTIMATE OF THE LIKELIHOOD OF ELECTRIC BREAKDOWN DURING RADIOGRAPHY OF 
HIGH VOLTAGE, GAS INSULATED POWER TRANSMISSION. LINES* 

I. SUMMARY 

Pre l im ina ry  in fo rmat ion  has been obta ined from workers i n  t he  f i e l d  

o f  gas insu la ted ,  h igh  vo l tage t ransmiss ion l i n e s  on p rope r t i es  o f  such 

l i n e s ,  i n d u s t r y  p r a c t i c e  i n  i n s t a l l a t i o n  o f  such l i n e s ,  and rad iograph ic  

techniques f o r  inspect ion .  D i f fe rences o f  op in ion  e x i s t - a s  t o  whether 

radiography o f  energized l i n e s  w i l l  i n i t i a t e  breakdowns. Approximate 

c a l c u l a t i o n s  i n d i c a t e  the  order  o f  magnitude o f  t he  c u r r e n t  o f  e lec t rons  

which might  be re leased from the  ou te r  p ipe  w a l l  and i n  the  i n s u l a t i n g  

gas dur ing  radiography and the  probable e l e c t r o n  d e n s i t i e s  resu l  t i n g .  

The conclus ion i s  reached t h a t  radiography w i l l  n o t  induce breakdown 

unless a very  h igh  i n t e n s i t y ,  pulsed x-ray source i s  used o r  sharp p o i n t s  

on the  conductors badly d i s t o r t  t he  e l e c t r i c  f i e l d s .  

11. INTRODUCTION 

The use o f  gas insu la ted ,  h igh  vo l tage t ransmiss ion l i n e s  may permi t  

s i g n i f i c a n t  savings i n  e l e c t r i c  power t ransmiss ion losses. Gamma- and 

x-radiography can de tec t  unwanted p a r t i c l e s  o r  broken i n s u l a t o r s  which 

may lead t o  e l e c t r i c  breakdowns w i t h i n  l i n e  components. The i o n i z a t i o n  

produced i n  the  i n s u l a t i n g  gas du r ing  radiography might  t r i g g e r  e l e c t r i c  

breakdowns i f  the h igh  vo l tage i s  on. The purpose o f  t h i s  study i s  t o  

determine the  probabi 1 i ty  t h a t  .radiography w i  11 cause breakdowns. 

-- 

*Prepared by H. H. Hubbel l .  



The steps i n  ana lyz ing  the  problems a re  seen t o  be as fo l l ows :  

1. Determinat ion o f  what r a d i a t i o n  sources a re  used f o r  radiography 

( i  .e., t he  energy d i s t r i b u t i o n s  and i n t e n s i t i e s  o f  the  sources and the  

source-to-conductor d is tances  i n order  t o  determine the  r a d i a t i o n  dose). 

2. The e l e c t r o n  energy spectra re leased from the  i nne r  sur faces o f  

t h e  h i g h  vo l tage  conductors i n t o  the  gas. The spectra w i l l  be g iven as 

t h e  abso lu te  number o f  e lec t rons  as a  f u n c t i o n  o f  t h e i r  energy f o r  g iven 

r a d i a t i o n  sources. 

3.  The corresponding spectra o f  e lec t rons  re leased i n  the  gas. 

4. The p r o b a b i l i t y  t h a t  the  e lec t rons  can be acce lera ted  t o  i on i za -  

t i o n  energy by  the  h igh  vo l tage  and cause Townsend avalanche o r  t he  

fo rma t ion  o f  streamers and r e s u l t a n t  breakdown. 

Add i t i ona l  problems concern the  poss ib le  chemical decomposit ion o f  

the i n s u l a t i n g  gas by the  r a d i a t i o n ,  o r  the  r a d i a t i o n  p l u s  the  h igh  

vol tage,  t h e  p roduc t i on  o f  chemicals which might  corrode t h e  conductors 

o r  i n s u l a t o r s ,  o r  become t o x i c  hazards i f  the  conductor p ipe  was opened 

f o r  r e p a i r s .  

The present  d iscuss ion  w i l l  summarize the  problems and the  present  

i n f o r m a t i o n  a v a i l a b l e  and g i v e  est imates o f  the  probable number and 

energies o f  t he  e l e c t r o n s  re leased f rom the w a l l s  and gas by  radiography. 

From t h i s  i n fo rma t ion  we w i l l  est imate t h e  p r o b a b i l i t y  o f  induced 

breakdown. 

I I I .  BACKGROUND 

We obta ined by phone and l e t t e r s  a v a i l a b l e  i n fo rma t ion  on 

i n d u s t r y  experience w i t h  radiography of gas i n s u l a t e d  t ransmiss ion l i n e s .  

Many people were very h e l p f u l  i n  exp la in ing  the  problems. 



The general conclusions f rom these d iscussions may be summarized as 

f o l  1  ows : 

1. The purpose o f  x- and y-radiography o f  gas i n s u l a t e d  t ransmiss ion 

l i n e s  i s  t o  f i n d  contaminat ion p a r t i c l e s ,  broken o r  d i s t o r t e d  i nsu la to rs ,  

d isp laced conductors, etc . ,  which may be sources o f  e l e c t r i c  breakdown. 

2. The radiographs made-so f a r  have n e a r l y  always been done on de- 

energized 1 ines  where r a d i a t i o n  induced breakdowns cou ld  n o t  occur. 

However, i f  the technique proves use fu l ,  radiographs m igh t  be made 

r o u t i n e l y  on energized l i n e s  i n  se rv i ce  t o  de tec t  poss ib le  f a u l t s  o r  

i n c i p i e n t  breakdowns, i n  which case r a d i a t i o n  induced breakdowns cou ld  be 

ve ry  serious. 

3. The r i g i d  p i p e  type l i n e  w i t h  a s i n g l e  c e n t r a l  conductor must 

be assembled i n  the  f i e l d ,  and i t  i s  p r a c t i c a l l y  impossib le t o  prevent  

d i r t  p a r t i c l e s ,  metal sawdust o r  shavings, etc . ,  from g e t t i n g  i n t o  t h e  

pipes du r ing  assembly. With AC h igh  vo l tage  app l ied ,  these p a r t i c l e s  

jump around cons tan t l y  i n  t he  h igh  f i e l d s  and may end up i n  such p o s i t i o n s  

t h a t  they i n i t i a t e  e l e c t r i c a l  breakdown. Traps o r  low e l e c t r i c  f i e l d  

regions a re  the re fo re  b u i l t  i n t o  the  l i n e s .  I f  t h e  p a r t i c l e s  bounce i n t o  

such places, they w i l l  s tay  the re  ou t  o f  harms way, and even tua l l y  a l l  

p a r t i c l e s  w i l l  be so trapped. 

One worker remarked t h a t  f a u l t s  seldom recu r  a t  t he  same place, 

i n d i c a t i n g  aga in  t h a t  t he  p a r t i c l e s  causing the  f a u l t s  probably jump 

around a g r e a t  deal. 

I f  DC i s  appl ied,  however, the p a r t i c l e s  tend t o  f l y  t o  spacing 

i n s u l a t o r s  o r  t o  h igh  f i e l d  regions and c l i n g  there,  d i s t o r t i n g  the  f i e l d  

and tending to  irl-i t ' l 'dte e l e c t r i c  breakdown w i t h  resu l  t a n t  burn ing o r  



shat ter ing of the insulators .  For t h i s  reason, most workers strongly 

advise against tes t ing  l ines  with DC. Direct current transmission l ines  

must therefore be much cleaner than those for  AC. 

One manufacturer i s  developing a f lex ib le  bellows type of transmis- 

sion l ine ,  sometimes containing three conductors separated by spacers 

and insulated with polyurethane foam saturated w i t h  SF6. The bellows 

walls a re  presumably much thinner than the r igid pipes, and rn11r.h lower 

energy x rays can be used f o r  radiography. This technique permits 

visualization of some de ta i l  of the insulators and even dis tor t ions,  e tc . ,  

i n  the polyurethane. The advantage of th i s  construction i s  that  the 

l i n e  can be assembled, f i l l e d  w i t h  gas, and sealed i n  the relat ively 

clean conditions of a factory so tha t  par t ic le  and o i l  or d i r t  contami- 

nation can be great ly  reduced and would occur only a t  infrequent joints  

made i n  f i e ld  assembly of l ines .  X-ray inspection i n  manufacture and 

assembly would be desirable b u t  need not be done when the l ine  i s  

energized. In service,  inspection w i t h  x rays may s t i l l  be desirable,  

especially a t  substations. Buried l ines  would have to  be excavated, 

which would only be done i f  a f au l t  had occurred and had been localized. 

4. Other systems than radiography can be used f o r  finding f au l t s  

on l ines  not in service,  such as radar or  sonar signals sent down the 

l ine .  Unusual ref lect ions could indicate the possible fau l t s .  Simple 

resistance or capacitance t e s t s  could indicate the location of short  

c i r c u i t s  or  open c i r cu i t s .  Such t e s t s  are  done routinely to find f au l t s  

i n  telephone 1 ines.  

5. Another possible problem in radiography i s  the potential 

degradation of the insulating spacers by the radiation. Three types of 



spacers a re  p resen t l y  i n  use: ceramic, c y c l o - a l i p h a t i c  epoxy res ins ,  

and bisphenol epoxy res ins .  Rad ia t ion  damage work i n  the  pas t  has u s u a l l y  

5 .  7 i n d i c a t e d  t h a t  10 t o  10 rad  dosages a re  needed t o  produce s i g n i f i c a n t  

r a d i a t i o n  damage i n  organic ma te r i a l s ,  w h i l e  radiography seldom requ i res  

more than 1  t o  100 rads. Hence, I do n o t  t h i n k  t h i s  i s  a  s i g n i f i c a n t  

problem. Ceramics a re  r e l a t i v e l y  unaf fec ted  by the  h ighes t  dosages 

mentioned. 

6. Bonnev i l le  Power Admin i s t ra t i on  i s  c u r r e n t l y  c o n t r a c t i n g  w i t h  

B a t t e l l e  Northwest t o  study the  e f f e c t s  o f  x  and y rays on energized 

t ransmiss ion l i n e s .  It was i n f o r m a l l y  s ta ted  t h a t  p r e l i m i n a r y  t e s t s  

i n d i c a t e d  no breakdowns under i r r a d i a t i o n .  

7. Considerable d i f f e r e n c e  o f  op in ion  was expressed on the  use o f  

radiogra.phy. Several people thought  r a d i a t i o n  would n o t  s i g n i f i c a n t l y  

decrease the  d i e l e c t r i c  s t reng th  o f  SF6 +nsulated l i n e s ,  w h i l e  another 

person was o f  t he  op in ion  t h a t  the  use o f  x  o r  y rays had i n i t i a t e d  

breakdowns. Apparent ly,  experimental  work i s  needed. 

8. One h igh  vo l tage  equipment manufacturer i s  repor ted  t o  have 

used x i r r a d i a t i o n . ' o f  anode and cathode regions o f  h igh  vol tage,  DC 

machines t o  discharge con'tamination p a r t i c l e s ,  thus prevent ing  them from 

being s t r o n g l y  a t t r a c t e d  t o  charged e lec t rodes and thus i n i t i a t i n g  break- 

downs. I f  such i r r a d i a t i o n  were used cont inuous ly  r a t h e r  than j u s t  i n  

i n i t i a l  "seasoning," then r a d i a t i o n  damage t o  i n s u l a t o r s  might  become a 

problem. Heal th physics problems o f  p r o t e c t i n g  personnel might  a l s o  be 

ser ious i f  cont inuous i r r a d i a t i o n  o f  h igh  vo l tage  l i n e s  o r  components 

were used. 



Ideally,  the probabil i ty of high voltage breakdowns induced by 

radiography would be analyzed by the steps outlined in the introduction 

to  t h i s  section. Considerable e f fo r t  was expended in trying to  deter- 

mine the spectra of possible x-ray and radioisotope sources, the number 

of electrons and the electron energy spectra they would produce in the 

insulating gas, and the rates  a t  which these electrons would be captured 

or multiply, and hence the probability of induced breakdown. I t  was 

evident that  t h i s  would be a rather long and complex calculation with 

many assumptions needed where experimental data a re  lacking. The proce- 

dure i s  outlined in Section V .  

IV. APPROXIl4ATE CALCULATION OF BREAKDOWN PROBABILITY 

General Cons idera t i  ons 

Because only a simple yes or no answer i s  required, a much simpler 

approach i s  possible. I t  i s  well known tha t  during breakdown test ing 

when a l l  the conditions of gas pressure, e l ec t r i c  f i e l d ,  electrode shape 

a re  sa t i s f i ed  so tha t  a spark i s  certain to  occur, there i s  always a 

delay before the spark takes place while the system waits fo r  the 

inevi table  i n i t i a l  electron to  appear a t  a c r i t i ca l  point as a r e su l t  of 

cosmic rays, background radioactivity,  e tc .  I t  i s  customary therefore 

in tes t ing  to  provide these i n i t i a l  electrons by i r radiat ing the gas or  

the electrodes with u l t rav io le t  l i gh t  or  radiations from radioactive 

substances. 

Hence, we may conclude-at once tha t  the ionization produced by 

radiography would not cause any breakdowns which would not occur anyway 

as soon as background radiation produced the necessary i n i t i a l  electrons 



a t  the c r i t i c a l  point. Eventually, usually within a few seconds, these 

e lect rons  will  ce r ta in ly  appear, and breakdown will  occur i f  the  other  

conditions of e l e c t r i c  f i e l d ,  pressure,  e t c . ,  a r e  met. There a r e  one o r  

two important exceptions t o  t h i s  statement. F i r s t ,  i f  the  c r i t i c a l  

breakdown f ie1  d occurs because of a contamination p a r t i c l e  moving quickly 

through a par t i cu la r  posi t ion,  then an electron might not aypear a t  the  

c r i t i c a l  place,and time i n  the  absence of i r r ad i a t i on ,  and breakdowns 

would not always occur. This event, of course, i s  unpredictable b u t  wil l  

not occur i f  there  a r e  no loose pa r t i c l e s  ins ide  the  pipe. 

The second exception would occur i f  the  radiography produced such 

a high e lect ron density i n  the insula t ing gas t ha t  the resu l t ing  space 

charge ser iously  d i s to r ted  the e l e c t r i c  f i e l d  d i s t r ibu t ion  i n  the l i n e ,  

producing c r i t i c a l  breakdown conditions where they would not otherwise 

occur. 
8 About 10 e lect rons  must be present i n  a volume of about 1 mm3 f o r  

a streamer t o  form and propagate, causing a breakdown, o r  the  c r i t i c a l  

electron density i s  p e  2 10" electrons/cm3. The remaining discussion 

i s  an attempt t o  see i f  t h i s  density would be produced,by radiography. 

Sources and Photon Flux Produced 

If a radioisotope i s  used as  a source, then the number No of photons 
2 per cm per sec of energy E reaching the outside of the pipe being radio- 

graphed a t  a distance r cm can be calculated from 2 .  

2 "a No = (Sf  A/4nr ) exp(- - P p r ) ,  

where 

A = a c t i v i t y  of source in curies 



S = 3.7 x  10 10 d i s i n t e g r a t i o n s  
sec/Ci 

f = number o f  photons o f  energy E per  d i s i n t e g r a t i o n  

'a - = mass a t t e n u a t i o n  c o e f f i c i e n t  o f  ma te r i a l  between source and 
P 

p o i n t  o f  i n t e r e s t  f o r  energy E 

p = dens i t y  o f  m a t e r i a l  between source and p o i n t  

I f  several  gamma rays  are  emit ted,  t h e  N ' s  should be separa te ly  
r? 

c a l c u l a t e d  unless they a r e  c lose  together  i n  energy so t h a t  the 

values are  e s s e n t i a l l y  t h e  same. This  i s  t r u e  f o r  the  case consi.dered. 

For  example, a  s u i t a b l e  source f o r  radiography o f  aluminum pipes w i t h  

about 0.3- in .  w a l l s  i s  i r id ium-192.  This  i so tope has 7  gamma rays from 

296 t o  612 keV energy w i t h  pa /p  values a l l  nea r l y  t h e  same. There a re  a  

t o t a l  o f  2.08 photons per  d i s i n t e g r a t i o n  having a  weighted average energy 

of 375 keV. If the  p ipe  has a  30-cm diameter, 0.76-cm wa l l ,  and i s  

70 cm from t h e  source (source t o  f i l m  100 cm), t he  absorp t ion  c o e f f i c i e n t  

2  3  
of t h e  aluminum i s  0.0945 cm / g  ( r e f .  3) and the  A1 dens i t y  i s  2.71 g/cm , 

we o b t a i n  f o r  t he  i r r a d i a t i o n  a t  t he  i n s i d e  o f  t he  p ipe  f o r  a  65 C i  

source o f  Ir 192: 

7  2 Ni = 6.7 x 10 photons/(cm sec). 

The p ipe  w a l l  i s  assumed f l a t .  The a t tenua t i on  i n  a i r  i s  n e g l i g i b l e  a t  

t h i s  energy and d is tance,  b u t  t he  a t tenua t i on  i n  the p ipe  w a l l  i s  

inc luded.  The number b u i l d u p  f a c t o r  f o r  a  broad beam i n  the  aluminum 

f o r  t h e  0.2 mean f r e e  pa th  through the  p ipe  w a l l  i s  assumed t o  be 1  .O. 4 

A1 t e r n a t i v e l y ,  one might  use an x-ray source ins tead o f  a  r a d i o i s o -  

tope. X-ray machines w i t h  outputs i n  the  appropr ia te  energy range are  

la rge ,  heavy, and n o t  ve ry  po r tab le .  They would probably n o t  be used 



7 5  

f o r  f i e l d  radiography, b u t  we might  i nc lude  a  rough est imate o f  the  

analogous photon f l u x  f o r  such a  machine. The a u t h o r ' s  datas and data 

i n  the  l i t e r a t ~ r e ~ ' ~  f o r  a  250-kV, cons tan t  p o t e n t i a l  therapy machine 

2  w i t h  window th ickness equ iva len t  t o  0.661 g/cm o f  A1 gave an absorbed 
, 

dose r a t e  i n  a i r  a t  1  rn o f  about Dout = 0.054 rad/(sec mA); The 
C)  

absorbed dose may be converted t o  photons/cmL sec i n s i d e  the p ipe  as 

f o l  1  ows : 2 

where 

i = x-ray t a r g e t  c u r r e n t  = 15 mA; 

k = 
100 ergs 1  eV 13 eV 

= 6.25 x  10 - . 
g a i r  ' 1 .60 x  10- I  e rg  g  r a d  ' 

5 
E = average photon energy* = 1.2 x  10 eV; 

- -  2  
'a - 0.148 cm /g, mass a t tenua t i on  c o e f f i c i e n t  f o r  aluminum; 
P 

r = d is tance i n  cm from t a r g e t  t o  pipe, 70 cm; 

t = th ickness o f  p ipe,  0.3 i n .  = 0.762 cm; 

2  
)a i r = 0.024 cm /g, mass energy absorp t ion  c o e f f i c i e n t  f o r  

a i r .  

With these assumptions, we get  f o r  the  photon f l u x  a t  the  i n s i d e  

sur face o f  the  p ipe 

*See d iscuss ion  i n  Pa r t  V below f o r  the  method o f  determin ing the  average 

energy. 



2 
i = 2.6 x 10'' photons/(cm s e c )  

f o r  x rays  from a 250-kV, 15-mA machine. 

E lec t rons  Produced i n .  t h e  I n s u l a t i n g  Gas 

The nex t  s teps a r e  t o  c a l c u l a t e  the.number o f  e lec t rons  re leased i n  

the  i n s u l a t i n g  gas, SF6. For t h i s  approximate c a l c u l a t i o n  we w i l l  assume 

t h a t  t h e  energy absorbed i n  the  gas i s  a l l  used t o  produce pr imary ions  

and e lec t rons  and t h a t  these pr imary e lec t rons  produce secondaries a t  

an average r a t e  which i s  independent o f  the  pr imary e l e c t r o n  energy. 899 

The number o f  e l e c t r o n s  produced i n  the  gas per  photon, n, can then be 

c a l c u l a t e d  from 

where 

Eav = the  average energy per  photon, eV; 

W = average energy t o  produce one i o n  p a i r  i n  the  gas i n  quest ion,  

SF6; 

W = 5.9 + 1.82 I ( r e f .  10) 

where 

I = i o n i z a t i o n  p o t e n t i a l  of SF6 2 15.4 eV ( r e f .  11) 

S 0 

W = 35.9 eV/ ion pair .  

From these data we g e t  

3 n = 3.5 x 10 e lect rons/pt io ton absorbed f o r  250-kV x rays  

4 n = 1.1 x 10 e lect rons/photon absorbed f o r  I r -192  gamma rays. 



The f r a c t i o n  o f  photons absorbed per  cm pa th  i n  SF6 i s  

t = l c m  
. . 

pen/p f o r  SF6 i s  t h e  sum o f  t he  mass abso rp t i on  c o e f f i c i e n t s  f o r  

S  and F y  weighted i n  p r o p o r t i o n  t o  t h e i r  masses i n  the  

mol ecul e: 

As,AF = atomic weights o f  s u l f u r  and f l u o r i n e  

pen/p = mass energy absorp t ion  c o e f f i c i e n t s .  

2 The mass energy abso rp t i on  c o e f f i c i e n t s  ( i n  u n i t s  o f  cm /g )  a r e  12,13 

hence 

The SF6 i s  assumed t o  be a t  a pressure 45 ps ig ,  so P = 4 atm 

absolute.  I t s  d e n s i t y  i s  then 

Using t h e  values s ta ted ,  t he  f r a c t i o n s  o f  photons absorbed i n  SF6 

are:  

f o r  250-kV x rays,  h  = 7.8 x 

f o r  I r -192 gamma rays,  h  = 7.4 x l om4 .  



The number o f  ions  formed per  cm' w i l l  then be 

N = n  N .  h: 
1 

So f i n a l l y  we g e t  f o r  the  number o f  e lec t rons  re leased i n  the  gas: 

3 f o r  250- kV x  rays ,  N = 7.1 x  1 0 l o  e lect rons/(cm sec) 

8 3 f o r  I r -192  gamma, N = 5.5 x  10 e lec t rons / (cm sec).  

E lec t rons  I n j e c t e d  f rom t h e  Walls 

The nex t  s tep i s  t o  c a l c u l a t e  the  number of e lec t rons  which w i l l  be 

i n j e c t e d  i n t o  the  gas from the  p ipe  wa l l  by r a d i a t i o n .  An exac t  ca lcu-  

l a t i o n  o f  t he  number and energy d i s t r i b u t i o n  o f  such e lec t rons  i s  r a t h e r  

complex. The procedure w i  11 be o u t l i n e d  i n  Sect ion V. Here we employ 

approximations s i m i l a r  t o  those used above t o  ge t  an est imate o f  the 

numbers. The range of t h e  most energet ic  e l e c t r o n  which 'could be pro-  

2  duced by the  r a d i a t i o n s  considered i s  o n l y  0.15 g/cm A1 ,I4 o r  0.05 cm, 

and f o r  low energy e l e c t r o n s  about cm, so a l l  e lec t rons  en te r i ng  

t h e  gas a r i s e  e s s e n t i a l l y  a t  t he  i nne r  sur face o f  t he  p ipe.  Hence, we 

cons ider  o n l y  t he  s i t u a t i o n  the re  and assume t h a t  the  aluminum medium i s  

i n f i n i t e  i n  e x t e n t  so f a r  as the  s lowing down o f  e lec t rons  i s  concerned. 

We assume the same photon i n t e n s i t i e s  and average energies as be fore  

i n c i d e n t  a t  t h e  i n n e r  s ide  o f  t he  p ipe.  

Nelson e t  a1.5 and F ins ton  e t  a1 .I5 stud ied  t h e  y i e l d  and spectra 

o f  e lec t rons  re leased from aluminum by x  rays  up t o  250 kV. Fins ton  15 

noted t h a t  t h e  t o t a l  y i e l d  o f  e lec t rons  per  rad  o f  absorbed dose was 

n e a r l y  constant ,  independent o f  the x-ray energy o r  the m a t e r i a l ,  and 

amounted in a1 uminum t o  

- 4 2 Ie = 4.9 x  10 esu/(cm rad )  

f o r  e lec t rons  up t o  40 eV. McConnell e t  a1. l6 obta ined t h e  slowing- 



down f l u x  spectrum o f  e l e c t r o n s  produced i n s i d e  aluminum by a  d i s t r i b u t e d  

be ta - ray  source. R i  t c h i e  e t  a1. showed t h a t  F i n s t o n ' s  a n d  N e l s o n ' s  

da ta  f i t t e d  t h e  same curve  f o r  e l e c t r o n  energy d i s t r i b u t i o n  as McConnel l 's  

r e s u l t s ,  a l though t h e  f i r s t  two s t u d i e s  used x - ray  sources and t h e  l a s t ,  

a  be ta  ray ,  w i t h  t o t a l l y  d i f f e r e n t  energy a n a l y s i s  techniques.  The da ta  

a l s o  f i t t e d  t h e  t h e o r i e s  as c a l c u l a t e d  by  R i t c h i e  e t  a l .  and by K l o t s  

and wr igh t18  a t  low energ ies  and by Spencer and ~ano , "  Spencer and 

~ t t i x , ' ~  and ~ c ~ i n n i e s "  a t  h i g h  energ ies .  We c o r r e c t e d  McConnell ' s  

spectrum f o r  t h e  t r ansm iss ion  b a r r i e r  f rom aluminum g i ven  by him and 

i n t e g r a t e d  f i r s t  t o  f i n d  t h e  c u r r e n t  expected up t o  40 eV, g e t t i n g  a  

r e s u l t  which agreed w i t h  F i n s t o n ' s .  Then we i n t e g r a t e d  aga in  up t o  t he  

end p o i n t .  The l a s t  two f i g u r e s  showed t h a t  o n l y  about  1% o f  t he  t o t a l  

f l u x  o f  e l e c t r o n s  o u t s i d e  t he  w a l l  was below 40 eV and t h a t  a  t o t a l  o f  

2  about  nw = 0.043 e lec t rons /cm emerged f rom t h e  aluminum p e r  p r ima ry  

3  e l e c t r o n  born/cm . The p r imary  e l e c t r o n s  i n  McConnell e t  a l . ' s  work 

were produced by an Au-198 source w i t h  an average energy o f  315 keV 

d i s t r i b u t e d  th roughout  t h e  aluminum. A l l  t h e  be ta - ray  energy was absorbed 

i n  t h c  source, so t h e  dose was 
- 
E 
=B= 3  

D ~ u  k   PA^ 1  .86 x  1  o-' r ad  i n  A1 f o r  each p r ima ry  e l e c t r o n  born/cm . 

Thus we f i n d  t h a t  t h e  number of  e l e c t r o n s  emerging f rom the  aluminum, ne, 

i s  

- - - -  'w - 0.043 e l e c t r o n s  m g i n q  --- - - 2.3 7 e l e c t r o n s  
2 2 " - .  -- . ne D ~ u  cm 1  .86 x  lo - '  r a d  cm r a d  

We have assumed f rom the  r e s u l t s  o f  t he  s t u d i e s  d iscussed t h a t  t he  

number of e l e c t r o n s  emerging f rom the  aluminum p e r  r a d  o f  absorbed dose 



i s  t h e  same regard less  o f  the r a d i a t i o n  source. As shown above, the 

s i g n i f i c a n t  dose f o r  genera t ing  e lec t rons  i s  t h a t  a t  the  i n s i d e  o f  the  

a1 uminum pipe.  

For x  r a y s  then the  number o f  e lec t rons  emerging f rom the  w a l l s  i s  

- (ua1p)p t  
= n  0 i (e ) (+)' 'w e  o u t  

Sw = 2.8 x  10 f o r  250-kV x  rays a t  70 cm from the  source. 2  
cm sec 

For I r -192  the  corresponding c a l c u l a t i o n  i s  
\ - 

SW - Ni E ( P ~ ~ / P ) ~ ~  nee/k9 

where 

E  = 375 keV f o r  average Ir gammas, 

(pen/p) = t he  mass energy absorp t ion  c o e f f i c i e n t  f o r  gammas o f  
-2 2  

energy E i n  aluminum = 2.87 x 10 cm /g, 

Z Ni = photons/(cm sec) i n s i d e  t h e '  p ipe  from the  Ir source = 

7  2  6.7 x  10 photonslcm sec, 

hence 

5 e lec t rons  for 1~-192.  
Sw = 2 . 7 x 1 0  2  

cm sec 

These a d d i t i o n s  a r e  n e g l i g i b l e  compared w i t h  the  number generated i n  the  

8  gas, which has been shown t o  be of the order  o f  10 t o  1 0 l o  e lec t rons1  

3 (cm sec) .  

E l e c t r o n  D r i f t  i n  the  Gas and Resul tant  E lec t ron  Densi ty  

With the  e l e c t r o n  source terms ca l cu la ted  above f o r  the gas, we can 

determine the  e l e c t r o n  swarm d e n s i t y  as i t  d r i f t s  through the  SF6 gas 

under the  i n f l u e n c e  o f  t he  e l e c t r i c  f i e l d . 2 3  The f i r s t  p o i n t  i s  t h a t  



s ince  the  mean f r e e  paths of t he  e l e c t r o n s  i n  the  gas a t  t he  pressures 

considered a r e  very s h o r t  (on the  o rde r  o f  cm) compared w i t h  the  

dimensions o f  t he  p ipe,  t he  i n i t i a l  f a s t  e lec t rons  make many c o l l i s i o n s  

i n  a  very  s h o r t  t ime and d is tance,  l o s i n g  energy a t  each c o l l i s i o n ,  so 

t h a t  they  a t t a i n  t h e i r  e q u i l i b r i u m  energy d i s t r i b u t i o n  be fore  they  have 

moved ve ry  f a r  regard less  o f  t h e i r  i n i t i a l  energies. Therefore, we need 

consider  o n l y  t he  e q u i l i b r i u m  d r i f t  o f  e lec t rons  (and/or i o n s )  i n  t he  

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

The d i f f e r e n t i a l  equat ion f o r  t he  e l e c t r o n  d e n s i t y  i n  the  absence 

o f  e l e c t r o n  capture  i s  

Nx where pe (x )  = 7 i s  t he  e l e c t r o n  dens i t y ,  N i s  t he  r a t e  o f  e l e c t r o n  pro-  

d u c t i o n  by r a d i a t i o n ,  and w i s  t he  e l e c t r o n  d r i f t  v e l o c i t y  i n  t he  gas. 

I n  t h i s  extreme case where no e lec t rons  a re  captured t o  form' negat ive  

6 
ions  we may uset f o r  w - % 10 c ~ / s e c ~ ~  and o b t a i n  f o r  t he  maximum e l e c t r o n  

d e n s i t i e s :  

5 f o r  x  rays,  pe( lO)  = 10 e lect rons/cm 3  

3  3  f o r  Ir 192. ~ ~ ( 1 0 )  = 10 e lect rons/cm -. 

P o s s i b i l i t y  o f  Breakdown 

6 8 Since these numbers a re  10 o r  10 t imes smal le r  than the  c r i t i c a l  

d e n s i t y  quoted, 10'' e lectrons/cm3, we conclude t h a t  t he re  i s  no poss i -  

b i l  i t y  o f  t h e  i r r a d i a t i o n  causing a  breakdown unless sharp po in t s ,  

4 t ~ o r  i o n s  wi 2 10 cm/sec and t h e  charge d e n s i t y  increases acco rd ing l y  

(by x  100).  



par t ic les ,  e t c . ,  greatly increase the local e l ec t r i c  f i e lds ,  or unless 

6 f lash  radiography i s  done, giving dose ra tes  10 times larger than those 

possible with continuous exposure devices. As was pointed out e a r l i e r ,  

such f lash x-ray machines are not ordinarily suitable for  routine f i e l d  

radiography. 

Effect of Sharp Points 

The possible increase in e l ec t r i c  f i e l d  strength due to  sharp points 

may be estimated as follows: Assume the point i s  actually a very small 

sphere of radius of curvature a.  The surroundings may be approximated 

as  a large sphere of radius b. The e l ec t r i c  f i e ld  a t  any point a distance 

r from the center of the. small sphere with a potential difference V 

between spheres i s  

The f i e l d  i s  largest  a t  the surface of the small sphere, so 

For small a,  b/b-a = 1 so approximately 

The f i e l d  thus increases inversely as the radius of the point. 

Since the d r i f t  velocity,  as a rule ,  increases with increasing 

e l e c t r i c  f i e l d ,  i t  i s  evident from the equation for  electron density, 

e = NxIvE, where v i s  the electron mobility, that  increasing the f ie ld  

must lower the electron density and thus reduce the probability 

of breakdown from t h i s  cause. The breakdown a t  higher f i e lds  

a r i ses  because of e i the r  cold emission from the point when 

i t  i s  negative, or  because electrons in the vicini ty  gain 



more than enough energy to ionize in one free path, leading to 

avalanches or  because both ef fec ts  occur. If the e l ec t r i c  f i e ld  i s  large 

enough for  avalanches to  occur, the point will exhibit  corona and be a 

problem spot in the l ine  anyway. Neither process, therefore, i s  l ike ly  

to  be very sensit ive to  a prevailing electron density of the magnitudes 

calculated, so we conclude radiography a t  the dose rates  assumed here i s  

unlikely to  cause breakdowns which would not otherwise occur. 

Effect of Magnetic Fields 

So f a r  the discussion has assumed s t a t i c  e l ec t r i c  f i e lds  and no  

magnetic f ie lds .  Actually, the conductors will be carrying very large 

4 currents, perhaps as much as 10 A ,  so the magnetic f i e lds  may be 

qui te  large. Under vacuum conditions, the free electrons would be 

trapped and move around the c i rcu lar  magnetic f i e l d  l ines ,  not getting 

to  the walls a t  a l l .  However, a t  high pressures they col l ide '50 frequently 

with atoms and thus suffer direction changes that  the net d r i f t  i s  not 

a1 tcred very much. lluxl ey and ~ r o m ~ t o n ~ ~  :how tha t  thc angl c e bctwccn 

the d r i f t  direction in crossed magnetic and e l ec t r i c  f i e lds  i s  given 

appr'ux.i~~~a lel y by 

e B tan 8 2, - - ,  m v 

where 

= specific charge o f  electron = 1.76 x 10 8 coulomb 
m 9 Y 

4 B here for  10 A i s  of the order of 400 Oe, 

12 
v = col l is ion frequency of electrons about 10 /sec or  more a t  

4 atm pressure. 



Hence 8, t he  angle between the  d r i f t  v e l o c i t y  and the  e l e c t r i c  f i e l d  i s  

ve ry  smal l .  Hence, t h e  magnetic f i e l d  has n e g l i g i b l e  e f f e c t  on the  

e l e c t r o n  dens i ty .  

Summary 

We may summarize the  numerical  c a l c u l a t i o n s  i n  Table 1, r e f e r r i n g  

t o  F ig .  1. We assume the  h igh  vo l tage i s  about 100 t o  300 kV. 

SECTION V.  OUTLINE OF POSSIBLE EXACT CALCULATION OF 
ELECTRON DENSITIES AND PROBABILITY OF INDUCED BREAKDOWN 

I n  view o f  t h e  l a r g e  spread between the  est imated e l e c t r o n  d e n s i t i e s  

produced by i r r a d i a t i o n  and the  c r i t i c a l  e l e c t r o n  dens i t y  f o r  breakdown, 

i t  does n o t  seem wor thwhi le  t o  at tempt a  more soph is t i ca ted  c a l c u l a t i o n  

However, the  p o s s i b l e  procedure w i l l  be b r i e f l y  o u t l i n e d .  

The e s s e n t i a l  problem i s  s i m i l a r  t o  t he  d e r i v a t i o n  o f  the  energy 

g iven t o  the  gas i n  a  c a v i t y  surrounded by w a l l s  o f  a d i f f e r e n t  

composi t ion as g iven by the  Bragg-Gray P r i n c i p l e ,  which i s  one o f  t he  

fundamental bases of r a d i a t i o n  dosimetry. Many l eng thy  s tud ies  have been 

w r i t t e n  on t h i s  and r e l a t e d  sub jec ts  ( r e f s .  24-26 and references t h e r e i n ) .  

The present  problem i s  more complex because we wish t o  know the  energy 

spectrum o f  t h e  e lec t rons  i n  the  gas r e s u l t i n g  f rom the i r r a d i a t i o n ,  and 

t h e  corresponding spectrum a f t e r  the  e lec t rons  have come t o  e q u i l i b r i u m  

w i t h  t h e  gas under va r ious  cond i t i ons  o f  press.ure, e l e c t r i c  f i e l d ,  and 

gas composit ion. By con t ras t ,  i n  r a d i a t i o n  dosimetry o n l y  the energy 

deposited, and sometimes t h e  1  i near energy t r a n s f e r  a r e  u s u a l l y  considered 

These a r e  s impler ,  though s t i l l  r a t h e r  d i f f i c u l t  problems. 

The steps i n  a  complete c a l c u l a t i o n  a re  as i n d i c a t e d  i n  t he  i n t r o -  

duc tory  remarks. 



Table 1 

Source 

- 

Ir 192* 250-kV 
15-mA x rays  

E = average source energy, keV 375 120 

Ni = photon f l u x  i n s i d e  p ipe,  

2 photons/cm sec 

N = e l e c t r o n  f l u x  produced i n  gas, 

3 e l  ectrons/cm sec 5.5 x 10 7 . 1 ~ 1 0  
10 

Sw = e l e c t r o n  c u r r e n t  d e n s i t y  f rom wa l l s ,  

2 e l  ectrons/cm sec 

e = maximum e l e c t r o n  d e n s i t y  i n  gas, 

' = assumed c r i t i c a l  e l e c t r o n  d e n s i t y  
Pe, 

i n  gas f o r  breakdown, e lect rons/cm 3 l o l l  

*Ir = I r id ium-192,  65 C i .  

2 'x = x rays,  250 kV a p p l  ied, 15 mA, 0.66 mg/cm A1 window, average energy 



F igu re  1 

S - source of x o r  gamma rays 
F - photographic  f i l m  
D '  - d i s tance  t o  f i l m ,  1 m = 39 i n .  
r - d i s tance  t o  p ipe,  70 cm 
t - th ickness  of p ipe,  0.76 cn  = 0.3 i n .  
dl - diameter of cen te r  conductor,  10 cm = 4 i n .  

d2 - o u t e r  diameter of pipe, 30 cm = 12 in .  

P - pressure of SF6 i n  p ipe  = 45 p s i g  = 4 atm abso lu te  



Sources 

The i d e n t i f i c a t i o n  o f  a l l  reasonably  u s e f u l  r a d i o i s o t o p e  and x - ray  

sources and t h e i r  ou tpu t s  must be made. Thulium-170, i r id- ium-192,  

cesium-137, and coba l t - 60  a r e  p o s s i b i l i t i e s .  As an extreme case o f  

cont inuous d u t y  x - ray  machine, we w i l l  cons ide r  one w i t h  250 kV, cons tan t ,  

p o t e n t i a l  a t  15 mA, w i t h  a  tungs ten  t a r g e t ,  hav ing  a  window 

2  e q u i v a l e n t  t o  about  0.66 g/cm o f  aluminum. Such u n i t s  a r e  l a r g e  and 

r e q u i r e  water  coo l i ng ,  so any p o r t a b l e  one would p robab ly  have lower  

a p p l i e d  v o l t a g e  and ou tpu t .  O f  t h e  rad io i so topes ,  I r -192  has been sug- 

gested as most s u i t a b l e  f o r  t h e  t h i ckness  o f  aluminum t o  be radiographed, 

I t  has a  number o f  s t r ong  y - rays  as f o l l o w s :  

Energy keV, Ti Number p e r  D i s i n t e g r a t i o n ,  Li 

Weighted 
average : 375 

I n  Sec t i on  I V  i t  was assumed t h a t  t h e  t o t a l  number o f  y r ays  e m i t t e d  

was 1 Li, each hav ing t h e  weighted average energy, E = 1 L, T,/I L,. a  v  

For an x - ray  machine, da ta  was used f o r  one o r i g i n a l l y  p resen t  i n  t he  

Hea l th  and Sa fe t y  Research D i v i s i o n .  I t s  o u t ~ u t  was p robab ly  l a r g e r  than 

t h e  l a r g e s t  va lue  c o u l d  reasonably  be ob ta ined  f r om p o r t a b l e  machines. 



However, i t  cons i s ted  o f  f o u r  l a r g e  pieces, weighed several tons, and 

r e q u i r e d  spec ia l  power and water connections, so i t  was n o t  por tab le .  

The y i e l d  was measured w i t h  s tandardized dosimetry inst ruments and 

agreed w i t h  values i n  the  l i t e r a t u r e . b  The output  r a d i a t i o n  spectrum 

can be der ived us ing  a  t h e o r e t i c a l  r e s u l t  o f  Kramers. 27 He showed on the 

bas i s  o f  semi -c lass ica l  assumptions t h a t  the cont inuous bremsstrahlung 

spectrum from a  t h i c k  t a r g e t  cou ld  be expressed i n  a form t h a t  may be 

w r i t t e n  as 

where I ( E )  dE i s  the  i n t e n s i t y  o f  t he  x  rays per  u n i t  energy i n t e r v a l  E, 

Eo i s  t h e  a p p l i e d  vol tage,  and C i s  a  constant .  Combining t h i s  r e s u l t  

w i t h  t h e  usual exponent ia l  absorp t ion  law and the mass absorp t ion  

c o e f f i c i e n t ,  t h e  shape o f  the  spectrum can be c a l c u l a t e d  a f t e r  t rans -  

miss ion  through the  i nhe ren t  f i l t r a t i o n  o f  the x-ray tube and any added 

f i l t e r s :  

N(E) dE = - C(E - Eo) 9 exp { -  [F(E)] pixi ) . 
i 

I n  t h i s  expression E ( E ) ~  i s  t h e  mass absorp t ion  c o e f f i c i e n t  o f  t he  i t h  
P - 

f i l t e r  o f  dens i t y  pi and th ickness xi f o r  i n c i d e n t  energy E. V i l l f o r t h  

e t  a1. 28 ca l cu la ted  the  spectra f o r  h e a v i l y  f i  1  te red  x - ray  beams a t  a 

number o f  app l i ed  vo l tages  and measured the  spectra w i t h  a  s c i n t i l l a t i o n  

spectrometer. The cal-cul  a ted  and measured spectra agreed very  c l o s e l y  , 

so we have conf idence t h a t  the c a l c u l a t i o n  method g ives  good r e s u l t s .  

The average energy was obta ined by i n t e g r a t i n g  the  spectrum as usual :  



0 

For t h e  1  i g h t  f i l t r a t i o n  o f  t he  x-ray tube and tube head windows, equ i -  

2 
v a l e n t  t o  about 0.66 g/cm o f  aluminum, Eav = 120 keV approximately,  as 

used i n  Sect ion  I 1  above. For a  d e t a i l e d  study we would use t h e  complete 

spectrum as ca l cu la ted  t h i s  way and d e r i v e  from i t  the  degraded spectrum 

i n  the  aluminum p ipe  and gas f o r  each source, as i s  discussed below. 

Photon Spectrum a t  I ns ide  Surface o f  Aluminum Pipe 

The photon spectrum a t  t he  i n s i d e  sur face o f  the  p ipe  and i t s  

absolute i n t e n s i t y  w i l l  be degraded by passage through the  aluminum and 

a i r .  F0.r the  energies considered, the  e f f e c t  o f  t he  a i r  absorp t ion  i s  

neg1, igible. Since we a re  i n t e r e s t e d  on l y  i n  steady s t a t e  cond i t ions ,  

t he  Boltzmann t r a n s p o r t  equat ion reduces t o  a  d i f f u s i o n  equat ion. Some 

cons ide ra t i on  should be g iven t o  the  s o l u t i o n  o f  t h i s  equat ion under the  

present  cond i t i ons  t o  d e r i v e  the  changes i n  the spectra produced by the  

passage o f  the  r a d i a t i o n  through t h e  p ipe  w a l l .  The bu i l dup  f a c t o r  29 

should n o t  exceed a  f a c t o r  o f  2 a t  most and w i l l  probably be c l o s e r  t o  

1  , b u t  the  increase i n  t h e  1  ow-energy end o f  the spectra may be 

appreciable.  

Primary E lec t ron  Spectra i n  the  Aluminum o f  the Pipe 

I t  was po in ted  o u t  i n  Sect ion I V  t h a t  we need c a l c u l a t e  o n l y  the  

e lec t rons  generated i n  a  very t h i n  l a y e r  o f  aluminum a t .  the  i n s i d e  o f  



t he  p i p e  because o f  t he  ve ry  s h o r t  range o f  such e lec t rons .  The number 

and energy spec t ra  o f  p r imary  photo and Compton e l e c t r o n s  produced by 

each energy photon should be c a l c u l a t e d  from t h e  known cross sec t ions .  12,13 

The r e s u l t i n g  e l e c t r o n  spec t ra  should be i n t e g r a t e d  over  t he  photon 

spec t ra  t o  o b t a i n  t h e  pr imary  e l e c t r o n  source terms i n  t he  aluminum, 

g i v i n g  the e l e c t r o n  spec t ra  as 

where T (EO,E) and uc(EO,E) a re  the  p h o t o e l e c t r i c  and Compton c ross  
Pe 

sec t i ons  f o r  t h e  p roduc t i on  o f  e lec t rons  o f  energy E by photons o f  

energy E'. 

Slowing-Down Spectra of E lec t rons  i n  Al  uminum 

By the  "slowing-down spectrum o f  e lec t rons , "  we mean t h e  t o t a l  nurn- 

2 b e r  o f  e l e c t r o n s  per  eV e n t e r i n g  an imaginary probe o f  1  cm cross 

3 s e c t i o n a l  area per  p r imary  e l e c t r o n  born/cm . The r e s u l t i n g  dimensions 

a re  cm/eV, con f i rm ing  t h e  statement o f  Spencer and ~ a n o "  t h a t  the  slowing- 

down f l u x  a t  an energy E i s  t h e  t r a c k  l e n g t h  t r a v e l e d  by the  e lec t rons  

p e r  u n i t  energy range. As these authors showed, t h e  f l u x  can be 

calcu lated3'  as t h e  produc t  o f  the  r e c i p r o c a l  s topp ing  power o f  e l e c t r o n s  

a t  k i n e t i c  energy T t imes the  sum of  a l l  pr imary e lec t rons  born above T 

and t h e  secondary e l e c t r o n s  produced above 2T ( T  : E here, us ing  

B i r k h o f f ' s  n ~ t a t i o n ) ~ '  



where SZ(T) i s  t he  average stopping power a t  energy T, S(T' ) i s  t h e  

pr imary  source spectrum, the  same as ou r  se(E),  and k S ( T t  ,T) i s  t he  cross 

s e c t i o n  f o r  p roduc t i on  o f  a' secondary e l e c t r o n  o f  energy T  by a  p r imary  

e l e c t r o n  o f  energy T I .  Th is  i n t e g r a l  equat ion  has been solved 

numer ica l l y ,  and tab les  a r e . a v a i l a b l e Z 1  a t  se lec ted  pr imary  energ ies f o r  

secondaries down t o  about 500 eV.' 

The t a b u l a r  values can be i n t e r p o l a t e d  f o r  o t h e r ' p r i m a r y  and 

secondary energ ies above t h i s  value, and the  r e s u l t s  summed t o  f i n d  the  

spectrum down t o  500 eV. Below t h i s  energy more complex c a l c u l a t i o n s  

must be done t o  take  account of  energy losses t o  e x c i t a t i o n  and i o n i z a t i o n  

o f  a l l  t h c  atomic and conduct ion l c v c l s  o f  t he  aluminum. R i t c h i e  e t  a l .  17 

de r i ved  such a  r e s u l t  f o r  aluminum and showed t h a t  i t  f i t t e d  the  expe r i -  

111enld1 data, as discussed i n  Sec t ion  I V .  Thus we may ob ta in ,  w i t h  a 

good deal o f  work, t h e  e l e c t r o n  f l u x  spectrum i n  t he  aluminum. 

To ta l  E l e c t r o n  Spectra En te r i ng  Gas from Aluminum Wall P ipe 

The e l e c t r o n s  going from the  aluminum i n t o  t he  gas l o s e  f u r t h e r  

energy surmountirig t h e  p o t e n t i a l  b a r r i e r  a t  the  sur face,  and some a re  

r e f l e c t e d  back. Nelson e t  a1 .5 showed t h a t  the  spectrum a f t e r  t rans-  

miss ion  through t h e  b a r r i e r  i s  g iven  by 



where Eou t  i s  the electron energy in the gas and 

the sum of the Fermi energy ( t o  the top of the f i l l e d  band in aluminum) 

and the work function. This correction was made in the calculations 

of Section IV fo r  nw. . 

Recent work by sickafus3' has shown tha t  the basic shape of  the 

spectra derived t h i s  way i s  correct;  b u t  tha t  the low-energy end below 

about 1000. eV, i s  strongly modified by oxide and contamination layers on 

the surface. Since Nelson e t  a1. s ,5 Finston e t  a1 . ' s , I 5  and 

McConncll e t  01.  data were taken fo r  normally oxidized surracrs,  

t h e i r  resu l t s  would be applicable here. 

Total Electron Spectra Generated by Photons Absorbed in the Gas 

Using the same photon spectra from step 3, the procedures of 

steps 4 and 5 would be repeated using the constants appropriate to  SF6 

a t  the pressure t o  be used. This procedure would give the i n i t i a l  elec- 

tron spectrum generated in the gas. This spectrum in the gas would be 

a source term throughout the gas. A t  the outer and inner walls i t  would 

be added to the spectrum of electrons injected from the walls. Actually, 

the approximate calculations of Section IV showed tha t  the electrons 

from.the walls were pract ical ly  negligible compared with those generated 

. . in the gas. This i s  confirmed by the work of ~ a y l o r , ~ ~  who found only very 

small residual currents i n  ionization~chambers when the gas was evacuated. 

Klots and wright18 showed that  the electron flux spectra i n  gases under 

i r radiat ion were very similar to  those in metals. 



D r i f t  o f  E lec t ron  Swarm Under . the E l e c t r i c  F i e l d  and Resu l tan t  E lec t ron  
Dens i ty  

It was assumed i n  Sec t ion  IV t h a t  t he  mean f r e e  paths o f  the  

e lec t rons  o f  a l l  energ ies o f  i n t e r e s t  here were so s h o r t  t h a t  the 

e l e c t r o n  energy spec t ra  reached t h e i r  equi 1  i br ium values f o r  the  e x i s t i n g  

E/P be fore  t r a v e l i n g  a  s i g n i f i c a n t  d is tance.  Hence the  s lowing down and 

subsequent d i f f u s i o n  o f ' t h e  e l e c t r o n s  could'  be t r e a t e d  as separate 

problems. An exac t  s o l u t i o n  would combine bo th  phenomena i n  a  s i n g l e  

treatment,  thus cons iderab ly  compl i c a t i  ng the  a1 ready very  complex 

Spencer-Fano t ype  c a l c u l a t i o n .  Such a  t rea tment  would remove these 

au thors '  s i m p l i f i c a t i o n  t h a t  t he  system i s  independent o f  space 

coord inates.  The v a r i a t i o n s  i n  cross sec t ions  w i t h  energy would i n c l u d e  

a l l  atomic and molecu la r  resonances, e l e c t r o n  capture  p r o b a b i l i t i e s ,  

e tc . ,  making t h e  problem p r a c t i c a l l y  i n s o l u b l e .  Much o f  t h e  necessary 

data f o r  SF6 does n o t  y e t  e x i s t .  I n  view o f  t h i s  s i t u a t i o n  and because 

o f  t he  very  smal l  e l e c t r o n  d e n s i t i e s  est imated by the  approximate method, 

i t  does n o t  seem wor thwh i le  t o  pursue the  problem f u r t h e r  a t  t h i s  t ime. 

V I .  CONCLUSIONS 

The study was, undertaken t o  determine whether radiography would 

cause a  breakdown i n  an energized h i g h  .vol tage, gas i n s u l a t e d  e l e c t r i c  

t ransmiss ion  1  i ne .  The conclus ions are  as f o l l o w s :  

1. Radiography w i t h  rad io i so topes  o f  100 C i  o r  so w i l l  n o t  

i n i t i a t e  breakdowns which would n o t  o therw ise  occur. . . 
: .  . . 

2. Radiography w i t h  a  250-kV, 15-mA x-ray machine would 
, . 

g i v e  about 100 . t imes t h e  e l e c t r o n  d e n s i t y  i n  t h e  i n s u l a t i n g  gas compared 



w i t h  r a d i o i s o t o p e s .  Even t h i s  dens i t y ,  however, i s  a t  l e a s t  a  m i l  l i o n  

t imes  t o o  sma l l  t o  i n i t i a t e  a  breakdown which would n o t  o therw ise  occur .  

3.  A v e r y  sharp p o i n t  on one conductor ,  such as t h e  end of  a  

broken meta l  p a r t i c l e ,  m i g h t  i n i t i a t e  a  breakdown under rad iography .  I t  

would p robab l y  cause a spark  e v e n t u a l l y  w i t h o u t  rad iography .  

4. F lash  rad iography  us ing  an x - ray  machine which c o u l d  d e l i v e r  

t h e  dose necessary f o r  a  r ad iog raph  i n  1  o r  2  usec would be 

marg ina l  and m i g h t  i n i t i a t e  a  breakdown w i t h  no sharp p o i n t s  i n s i d e  t he  

p i p e .  
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ELEPLZNTARY ELECTRON-MOLECULE INTERACTIONS AND WEGATIVE I O X  KESONUTCES AT 

SUBEXCITATIOM. ENERGIES AND THEIR SIGNIFICANCE I N  GASEOUS.DIELECTRZCS" 

Chr is tophorou ,  Loucas G.*" 

Oak Ridge Nat iona l  Labora tory ,  P. 0. Box X,  Oak Ridge, Tennessee, 37830, USA 

Recent knowledge on low-energy (most ly < 10 eV) e lec t ron-molecule  i n t e r a c t i o n  
p roces se s  i n  d i l u t e  and i n  dense  g a s e s  is  syn thes i zed ,  d i scussed , ,  and r e l a t e d  
t o  t h e  breakdown s t r e n g t h  of gaseous d i e l e c t r i c s .  Optimal d e s i g n  of  multicom- 
ponent gaseous i n s u l a t o r s  can b e  made on t h e  b a s i s  of such knowledge. 

1. In t roduc  t i o a  

Although t h e  f i e l d . o f  gaseous d i e l e c t r i c s  i s  o l d ,  most of t h e  fundamental  

knoOledge on t h e  unde r ly ing  b a s i c  physicochemical  p roces se s  which c r u c i a l l y  

de te rmine  what makes a good gaseous d i e l e c t r i c  is  new.. 'It is  a cha l l enge  t o  

b r i n g  t h i s  new knowledge t o  b e a r  on t h e  f i e l d  o f  gaseous d i e l e c t r i c s  and on 

ways t o  improve them. The need f o r  energy conse rva t ion  and ene rgy  c o s t  reduc-  

t i o n  d i c t a t e s  t h e  development ,of  b e t t e r  gaseous i n s u l a t o r s ,  e s p e c i a l l y  f o r  

e l e c t r i c a l  energy t r ansmis s ion ;  t r ansmis s ion  l i n e  v o l t a g e s  keep going  up w i t h  

p r o j e c t e d  vo l t ages .  up t o  1.5 MV. 

2 .  The O v e r a l l  Problem: Main P h y s i c a l  P roces se s  of  D i r ec t  S ign i f i cance '  

What i s  i t  t h a t  makes a  good gaseous d i e l e c t r i c ?  F igure  1 h e l p s  u s  answer 

t h i s  q u e s t i o n  from t h e  b a s i c ,  microscopic  p o i n t  of view. 

I n  a g a s  under an a p p l i e d  e l e c t r i c  f i e l d ,  t he  e v e r  p r e s e n t  f r e e  e l e c t r o n s  

have a d i s t r i b u t i o n  of  e n e r g i e s ,  f ,  which is  a f u n c t i o n  of t h e  g a s  and t h e  

q u a n t i t y  E/P . (or  E/N) ,  where E is  t h e  a p p l i e d  e l e c t r i c  f i e l d ,  P is t h e  gas 

pLessurci a t  t h e  tempera ture  T, and N i o  t h e  gas number donoXty, 1ri.z. , 

f ( E ,  E/P, gas) .  The f u n c t i o n s  f ( E ,  E/P) a r e  e q u i l i b r i u m  energy  d i s t r i b u t i o n s  

even f o r  AC f i e l d s  s i n c e  t h e  e l e c t f r o n . r e l a x a t i o n  t imes  ( s ee  S e c t i o n  6) are 

q u i t e  s h o r t  under normai o p e f a t i n g  conditions. A s  t h e  app l i ed  v o l t a g e  9s 

i n c r e a s e d ,  t h e  e l e c t r o n s  g a i n  energy ,  and £ ( E ,  E/P) s h i f t s  t o  h i g h e r  e n e r g i e s .  

T h i s  s h i f t  i s  a s t r o n g  f u n c t i o n  of the. e l a s t i c  and i n e l a s t i c  p r o c e s s e s  which 

absorb  t h e  energy  i n p u t  by t h e  f i e l d . '  The d i s t r i b u t i o n s  E(E, E/P) are known 

f o r  o n l y  v e r y  few gases .  I n  F ig .  1, f ( ~ ,  E/P) a r e  p l o t t e d  f o r  N2 a t  one E/P 

v a l u e  and f o r  A r  a t  two E/P va lues .  Depending on t h e  gas  and E / P ,  f ( ~ ,  E/P) 

can  p e a k . a t  any energy from thermal  t o  Q 10 eV. Knowledge of  t h e  e l e c t r o n  

energy  d i s t r i b u t i o n  f u n c t i o n  i s . n e c e s s a r y  f o r  a  r e a l i s t i c  a p p r a i s a l  of t h e  r o l e  

* ~ e s e a r c h  sponsored by t h e  Energy ~ e s e a r c h ' a n d  'Development ~ d r n i n i s t r a t i o n  
under  con t r acL  wi th  Union Carbide Corporat ion.  

**Also, Department of  Phys i c s ,  The Un ive r s i t y  of  Tennessee, Knoxvi l le ,  
Tennessee,  37916, USA. 



FIG. 1. Electron attacllnent cross sections, oa, as a function of E for 
SF6 [I], C4F6 [ 2 ] ,  and C$FIO [ 2 ] .  Vibrational excitation cross sections via 
the decay of N I R s  [3]. CO ( Z  u = 1 to 8) and N2 (E u = 1 to 8) are the sums of 
vibrational cross sections for the first eight individual states of CO and'N2, 
respectively, and H2 (u = 0 + u = 1) is the cross section for excitation of.the 
first vibrational level of H2 multiplied 'by 1.4 (see Ref. 141, p. 347). Elec- 
tron impact ionization cross sections, o~(E), for SF6, CO, N2, and H2'[5]. See 
Ref. [ , 4 ]  for information on the electron energy distribut,ion functions, f 
for N2 and, fAr, for Ar. nk2 is the.maximum s-wave capture cross section. N2' 

of microscopic physical knowledge in understanding and in.controlling 

breakdown. 

The most effective way of preventing electrons from initiating breakdown 

is the removal of the electrons from the dielectric. An effective way of 

achieving this -is to attach the electrons to molecules forming negative ions 

which, being much heavier than the electrons, do not have kinetic energies high 

enough to cause ionization. The unattached electrons must be slowed down and 

be prevented from ionizing the gas and triggering breakdown. The above state- 

ments can be formalized as: 



m 

~ ~ ( € 1  f ( E ,  E/P) d~ + maximum 
0 

For (1) the  e l e c t r o n  attachment c ross  s e c t i o n  a s  a  funct ion of E ,  a a ( ~ ) .  

should 'be a s  l a r g e  as possib, le over a s  wide an energy range a s  poss ible .  

Examples of a  ( E )  f o r  t h r e e  d i e l e c t r i c  gases a r e  s h o m . i n  Fig. 1 (see a l s o  
a  

Sect ion '  7 ) .  ' Since., a s  is'. shown by the s t ra igh ' t  l i n e  i n  Fig.  1, the  maximum s- 

'wave capture  c r o s s  s e c t i o n  ax2 (X = 2n2 is t h e  e lec t ron  de-Broglie wavelength) 

d e c r e a s e i  with. E ,  t o  optimize (1) f  ( E ,  E/P) must be s h i f t e d  t o  a s  low energies  

a s  poss ible .  

For : (2 )  the  electron-impact i o n i z a t i o n ' c r o s s  s e c t i o n  a s  a  funct ion of E,  

a .  ( c ) ,  must be as smal l  a s  p o s s i b l e  and the  ion iza t ion  threshold  energy, I, a s  
1 

high a s  poss ible .  For a given u ~ ( E ) ,  f ( ~ ,  E/P) should aga in  be s h i f t e d  t o  a s  

low E . a s  possibl 'e  t o  ,optimi,ze (2).  Thus t h e  reduct ion of the  e l e c t r o n  energ ies  

is  of paramo'unt s i g n i f i c a n c e  because a  lower f  (E ,  E/P) minimizes (2)., but  a l s o  

maxinizes (1). Such a  reduct ion i n  e l e c t r o n  energ ies  r e q u i r e s  l a r g e  c r o s s  sec- 

t i o n s  f o r  e l a s t i c  and i n e l a s t i c  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  t h e  sub- 

e x c i t a t i o n  energy  range.t A s  w i l l  be discussed i n  Sect ion 4,  a most e f f i c i e n t  

way of slowing down subexcitat io 'n e l e c t r o n s  i s  v i a  negat ive  ion  resonances 

(NIR). Vibra t iona l  e x c i t a t i o n  c r o s s  s e c t i o n s . d u e  t o  such NIRs a r e  shown i n  

Fig. 1 f o r  CO, N2, and H2. Through a  combination,of gases ,  N I R  s t a t e s  can be 

~ s s i t i o n e d  over  t h e , e n t i r e  subexc i t a t ion  energy range keeping Ln th is .way the 

e l e c t r o n  energ ies  low. Such a  deployment of N I R s  is s i m i l a r  t o  the  u t i l i z a t i o n  

. o f  neutron i n e l a s t i c  s c a t t e r i n g  resonances i n  nuclear  r e a c t o r s  t o  moderate the  

onergitas of escapi.ng e p i  thermal. neutrons.  

The optimum gaseous d i e l e c t r i c  is thus  envisioned t o  be no t  a  s i n g l e  gas  

(un i t a ry  system), but  r a t h e r  a  combination of gases (a,multicomponent system) 

designed a s  t o  components t o  provide the  b e s t  e f f e c t i v e  combination of 

e l ec t ron-a t t ach ing  and e l e c t r o n  slowing-down p r o p e r t i e s  t o  opt2mize (1) and 

( 2  This opt imal  des-ign of the  multicomponent gaseous i n s u l a t o r  can be made 

on t h e  b a s i s  of microscopic, q u a n t i t a t i v e  physicochemical knowledge, e spec ia l ly  

on low-energy electron-molecule i n t e r a c t i o n s .  

3. Elec t ron  Attachment 

Excluding t h e  ion p a i r  process,  negat ive  ion  formation by e l e c t r o n  impact 

is  viewed a s  proceeding v i a  a metas table  negat ive  ion in termedia te  which i t s e l f  

t ~ h i s  i s  the  energy range below the f i r s t  exci ted  e l e c t r o n i c  s t a t e  of the  
medium. 



can be Eormed by e l e c t r o n  capture  i n  the f i e l d  of the ground o r  the  f i e l d  oE an 

cxc i t cd  electronic s t a t e .  The s t a t e s  of sucli t - rans ient  anions a r e  nonstation- 

3, i . e . ,  they decay wi th  a c h a r a c t e r i s t i c  l i f e t i m e ,  T which v a r i e s  from 
a '  

1 0 - l ~  t o  > sec  11 ,  61. 

Plany au thors  ( e -g .  ,. 143, [6-8)) have reviewed t h e  var ious  ways via  which 

slow e l e c t r o n s  a t t a c h  t o  molecules. I n  Fig.  2 ,  we i l l u s t r a t e  schematically two 

such b a s i c  modes: The shape resonance and the .nuclear-exci ted  Feshbach 

resonance.  I n  the  shape resonance the  e l e c t r o n  a f f i n i t y ,  EA, of the molecule 

i s  nega t ive  ( c  0  eY) and the  inc iden t  e l e c t r o n  is trapped in.  the  po ten t i a l  we l l  

which a r i s e s  from the  i n t e r a c t i o n  between the e l e c t r o n  and the n e u t r a l  molecule 

i n  i ts  ground e l e c t r o n i c  s t a t e .  This b a r r i e r  is  the  combined e f f e c t  o f . t h e  

a t t r a c t i v e  fo rce  exer ted  by the  n e u t r a l  molecule on the  inc iden t  e l ec t ron  and 

the  r e p u l s i v e  c e n t r i f u g a l  f o r c e  a r i s i n g  from the  r e l a t i v e  motion of the  two 

bodies.  Since t h e  nega t ive  i o n  p o t e n t i a l  energy curve/surface  f o r  a shape 

resonance l i e s  above t h a t  of the n e u t r a l ,  the  N I R  i s  s u b j e c t  t o  autoionizat ion,  

decaying back t o  the  n e u t r a l  molecule i n  i t s  ground e l e c t s ~ n i c  sta te  plus  a  

f r e e  e l e c t r o n ,  l eav ing  the  n e u t r a l  molecule wi th  o r  without v i b r a t i o n a l  and/or 

r o t a t i o n a l  energy; i f  e n e r g e t i c a l l y  poss ib le  the  N I R  can undergo d i s s o c i a t i v e  

at tachment.  Such N I R s  may involve an exc i t ed  e l e c t r o n i c  s t a t e  and i n  t h i s  case  

they a r e  c a l l e d  core-excited ( type 11) resonances. 

FIG. 2. Schematic 
l l l u s r r a t i o n  of 
(a) 'shape and 
(b) nuclear-excited 
Feshbach, resonances. 
'The symbols 10) and /R) 
des ignate ,  respect ively ,  
t h e  e l e c t r o n i c  ground 
s t a t e  of the  n e u t r a l  
molecule and the  NIR 
s t a t e .  
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I n . t h e  nuclear-e.xcited Feshbach resonance, EA is  p o s i t i v e  (> 0 eV) and the 

N I R  l i e s  e n e r g e t i c a l l y  below the  ground s t a t e  of the neu t ra l .  Thus unless  the 

anion is i n  v i b r a t i o n a l  l e v e l s  u' higher  than the  lowest v i b r a t i o n a l  l e v e l  

u .= 0 of the  parent  n e u t r a l  s t a t e ,  t h e  N I R  cannot decay i n t o  the  parent  s t a t e .  

This  mode of e l e c t r o n  cap tu re  can involve an e l e c t r o n i c a l l y  exc i t ed  n e u t r a l  

m o l e c u ~ e ,  i n  which case  the  N I R  is c a l l e d  core-excited ( type I ) .  

EIolecular N P K  s t a t e s  a r e  abundant. Often they can be described (and t h e i r  

ene rg ies  [ p o s i t i o n s ]  approximated) i n  terms of the  unoccupied molecular orbi -  

t a l s  of t h e  n e u t r a l  molecule [ 8 ] .  At timzs a l s o  geometrtcal ct~anges 



concomitant with electron impact and portions of a polyatornic molecule can con- 

stitu.te eEfective modes of electron trapping [ 6 ] .  

The channels of decay of a metastable molecular anion AX-* can be 

summarized as: 
AX + e 

e + AX 
*(*I. + x- 

where oo is the cross section for the formation  of^", and pe, pin, pda, and 

pst 
are, respectively, the probabilities for indirect elastic scattering (3a), 

indirect,inelastic scattering (3b), dissociative attachment (3c), and stabili- 

zation of AX-" by collision or radiation (3d). Channel (3d) is, only possible 

when EA > 0 eV. All of the above decay processes.can be in competition. 

In this section we shall discuss reactions (3c) and (3d) and in the next, 

reactions (?a) and (3b). . 

From the preceding discussion dissociative attachment can be visualized as 

proceeding via a negative ion intermediate formed by capture of electrons in a 

restricted energy range defined by a Franck-Condon transition be'tween the 
initial state-neutral molecule and electron separated an infinite distance- 

and the final state representing the compound negative ion, which subsequently 

d,issociates into (mult'iple) neutral and negative ion fragments. For a diatomic 

or a "diatomic-like" molecule this is illustrated schematically in Fig. 3, and 

a can be expressed as da 

- 
-T~/'~ . -. -.- 

In Eq. (4), e is the survival of AX-", lS and r are, respec- a 
tively, the mean times for separation of A and X- and autoionization of AX-". 

~ o t h  T and r are functions of the internuclear separation R. For a diatomic 
s a 

molecule initially in the I.owast vibrational level u = 0 of the electronic 

. ground state and with a potential energ); curve for AX-" as shown in Fig. 3, 



- 
where m is the  e l e c t r o n  mass, g is a s t a t i s t i c a l  f a c t o r ,  r- is  the p a r t i a l  

- a 
a u t o i o n i z a t i o n  width,  r i s  the  width of a ( E ) ,  = E~ + 112 PIw, E,, is the  d da 
e l e c t r o n  energy a t  t h e  peak of a (€1 and 112 Aw i s  the zero-point energy. 

a 
Equation ( 5 ) ,  due t o  OIMalley (91,  although l imi ted  t o  s i t u a t i o n s  a s  p ic tured 

i n  Fig. 3, provides an  e x p l i c i t  expression f o r  a. and the dependence of a on 
da 

E ,  T ~ ,  T and t h e  reduced mass of the  A-X- system [ 4 ] .  Negative i o n  poten- 
a ' 

t i a l  energy curves / su r faces  have a v a r i e t y  of shapes, and o is a f f e c t e d  by da 
these  and the  compet i t ive  decay channels.  Also, higher-lying N I R s  e x i s t  

abundantly.  

FIG. 3. Schematic p o t e n t i a l  energy diagram 
i l l u s t r a t i n g  the prncess  of d i s s o c i a t i v e  a t tach-  
ment f o r  a diatomic molecule. 

I n  Fig. 4 ,  uda(c) a r e  shown f o r  a number of 

molecules. The s a l i e n t  f e a t u r e s  of t h e  behavior 

of a a r e :  
da 

( i )  The magnitude of ada depends on t h e  

p o s i t i o n ,  E of t h e  N I R ;  the  h igher  the  E-, 
max ' 

t h e  smal ler  the  ads- 
( i i )  A s  E + thermal', a ' + Y X ~ .  

max da 
( i i i )  Many molecules possess a m u l t i p l i c i t y  of N I R s  i n  t h e  subexc i t a t ion  

energy region.  Th i s  i s  c l e a r l y  i l l u s t r a t e d  by the' recent  d a t a  [17] on t h e  

product ion of C1- from chloroethylenes  and chloroethanes.  For both  groups of 

molecules,  many ( f i v e )  NIRs were i d e n t i f i e d  below %. 2.0 e V  which were associ -  

a t e d  [I71 wi th  o r b i t a l s  dominated by t h e  p -o rb i t a l s  of t h e  ch lo r ine  atoms- 

( i v )  By a p p r o p r i a t e  combination of gases ,  mixtures can b e  developed with 

d i s s o c i a t i v e  at tachment resonances spaced and/or posi t ioned a t  any energy from 

thermal t o  1 5  eV. 

(v) The c r o s s  s e c t i o n s  f o r  s p e c i f i c  d i s s o c i a t i v e  attachment products  and 

the  p a t t e r n s  of (mul t ip le)  fragmentation of the  .metascable anions depend 

s t r o n g l y  on t h e  d e t a i l s  of t h e  molecular s t r u c t u r e  (e-g. ,  see  Figs.  5 and 6). 

Actual ly ;  f o r  t h e  molecules i n  Figs.  5 and 6 bes ides  the  abundant ~ 1 -  ion ,  ~ 1 ~ -  

and (M-C1)- (pa ren t  molecule, M, l e s s  one C 1  atom)- were observed. The re la -  

t i v e  i n t e n s i t i e s  of t h e s e  ions 'depended s t rong ly  on the  number and r e l a t i v e  

p o s i t i o n s  of t h e  C 1  atoms i n  the  molecule [17] ( f o r  C 2 C 1 4 ,  C2C1i,- was a l s o  

observed). Such s t u d i e s  e s t a b l i s h  modes of molecu.lar fragmentation ( i - e . ,  

p a t t e r n s  of molecular "explosion" a t  the  very presence of an e l e c t r o n  oE 

s u i t a b l e  energy) and show t h a t  'slow e l e c t r o n s  can be q u i t e  d i s r u p t i v e  i n  t h e i r  

impacts wi th  polyatomic molecules. 



FIG. 4.  ad,(€) f o r  C 1 - / C C l ,  
1 1 1 ,  C1- /CHC13 1 1 1 ,  C1- /C2HC13 [ l ] ,  
C1-/CC12F2 [ l o ] ,  0-/N20 [ I l l ,  
(0- + SO-) /SO2 [ 121, 0-102 [13] ,  
H-/H20 [ 1 4 ] ,  Od/C02 [ l l ] ,  

. (H- + CH2-/CHI+ [ IS ]  , H-/H2 [16] .  
Some of  t h e  p l o t t e d  ads(€) were 
deduced from swarm experiments and  

, a r e  thus  " t o t a l "  c r o s s  s ec t ions . '  
They ' a r e  i d e n t i f i e d  wi th  the s p e c i -  
f i c  i o n s  a s  shown because t hese  
were t h e  most abundant i n .mass  
spec t rome t r i c  s t u d i e s .  Some of t h e  
molecules  shown have o t h e r  
resonances which were no t  p l o t t e d  
f o r  convenience of  d i s p l a y ,  0-/X204 
deno te s  d i s s o c i a t i v e  at tachment  f r o u  
v i b r a t i o n a l l y  e x c i t e d  N20 molecules ,  
and (H- + H+) /H2 deno te s  ion p a i r  
format ion  from H2. 

r .  ELECTRON ENERGY lev1 6 .  ELECTRON ENERGY (eV) 

F I G .  5., C1- a g a i n s t  E f o r  FIG. 6'. C1- a g a i n s t  E f o r  
c h l o r o e t h y l e n e s  [17] .  ch lo roe thanes  [1,7] . 

( v i )  Temperature o f t e n  h a s  a profound e f f e c t  on a ( E ) .  F igu re  7 demon- 
d a  

scraces t h i s  for the  c a s e  of O" trom N2Q [I&]. T h i s  s t r o n g  dependence of 

a ( E )  on E h a s  been a t t r i b u t e d  t o  d i s s o c i a t i v e  at tachment  from mainly d a 
v i b r a t i o n a l l y  exci ted N20 molecules  [ 4 ,  181. 



I FIG. 7. Relative cross section against c - 
for 0- from N20 at the indicated temperatures 
1181 - 

(vii) From the dielectric point of view, 

studies of dissociative attachment identify the 

initial products (these are the precursors of the 

final decomposition products in the dielectric) 

and the energy range of their generation. Such 

knowledge is necessary to assess the effects of 

possible toxic fragments, the.effects of specific 

products such as 0- which may lead to explosive 

reactions. and the deterioration of the dielec- 

tric following repeated breakdowns. 

Turning now to the nondissociative electron attachment process.[channel 

(3d)], pot is a function of T P, and the gaseous medium in which the meta- 
R ' 

stable ion is embedded. When T is short, the-cross section (or the.rate) of a 
attachment depends on P. An example is shown in Fig. 8 for the rate of elec- 

- * 
tron attachment .to 02 in N2. The lifetime of 02 at therma1,energies is 

% 2 x 10-l2 sec ( 6 ,  191. When, however, T is long, the attachment rate a - 
becomes independent of P. A large variety of structures'with EA > 0 eV capture 

slow electrons with large cross sections forming long-lived (> iec) parent 

negative ions via a nuclear-excited Feshbach mechanism (see Fig. 2)- Among 

these are some of the best knowti insulators. In Fig. 9 the attachment rate and 

cross section for three such.systems.are presented and are seen to be large and 

to decrease.precipitous1y with increasing E, above thermal. As a rule, more 

than one NIR exists below 1 eV (see Fig. 9), some of which (e-g., the SF5-/SF6) 

may be due,to dissociative attachment. In cases-where geometrical changes 

concomitant with electron attachment occur, a (E)  may peak at E > 312 kT (k is 
a 

the Boltzmann constant) due to the energy required to induce these changes [6]. 

Such geometrical reorganizations are know to occur for many molecules includ- 

ing C02 and N20 which are bent as negative ions but are linear as neutrals- 

These.systems in undergoing a geometrical change upon electron impact facili- 

tate effective means of electron trapping. as well as of' electron energy loss. 

4. Electron Slowing Down 

Electron swarm and electron beam studies have,provided useful and comple- 

mentary- infhtion. in. this area; the former through the electron transport 

coef f icient-s-the drif i velocityf. w and the ratio DIP of the lateral diffusion. 

 he electron drift velocity in many gases varies (dec,reases or increases [ ? 2 ] )  
with' gas' density. 



(a). M E W  ELECTRON ENERGY lev) 

FIG. 8. Attachment rate 
as a function of the mean 
electron energy (E) for 02 in 
N2 at the indicated N2 
pressures (191. 

coefficient D to electron mobility u-and th2 

latter through the direct determination of the 

cross sections for elastic and inelastic 

processes. 

The quantity 3/2(e D/p) is a rough mea-' 

sure of (E). The close relation between the 

.functions D/U (E/P) and (E)(E/P) provide6 an 

indication as to which gases are effective 

electron thermalizers and are thus better 

suited for use as buffer gases in multicompo- 

nent insulators. In Fig. .lo, D/v (E/P) 

are shown for C02, CO, N2, and H2. For these 

molecules swarm, beam, and breakdown data are 

available and allow for assessment of the 

effect of their basic properties on breakdown. 

In the inset of the figure, the momentum 

transfer cross sections, u,(E), are shown and 

help in understanding the D/U(E/P) functions. 

All four molecules have NIRs in the subexcita- 

tion region [ 4 ] :  C02 at low energies 

( z  0.1 eV) and % 4 eV; CO at 1.75 eV; N2 at 

% 2.3 eV;. H2 at % 3..75 eV. By comparing 

(#>.MEAN ELECTRON ENERGY I*) 

FIG. ' 9 .  Attachment rate as a function of (E) and ,attachment cross section 
as a function of E for SFg, CgFg, and CgF10 [2, 6, 201. For CgF13 the rate and 
t.he.cross section is compared with the maximun s-wave capture rate and cross 
section [6] - 



r ELECTRON MERCY (cV),,.' 
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FIG. 10. D/p'versus 
E / P ~ ~ ~  For C02, CO, N 2 ,  and H2 
(based on data  summarized i n  
[4]  and [21]) ;  am(€)  f o r  C02 
[23],  CO [24],  N2 [25],  and H2 
[261. 

the  pos i t ions  of the  N I R s  f o r  

these systems wi th  the D/p (E/P) 

d a t a ,  i t  becomes apparent  t h a t  

the  dominant process  control -  

ling (€) i n  rhe  subexciratlon 

energy range is i n d i r e c t  

I , , , , , I I ll lJ sca t t e r3ng  v i a  N I R s .  The E/P 
0.01 I 1 1  1 1  

0.01 0.1 - to 100 value ,  (E/P)B,-, at which 

breakdown occurs  i n  each of 
. . 

these  gases  is a l s o  shown i n  Fig. 10. I n  the  high E/P region, t h e  lower the  

D/p  ( i . e . ,  the lower t h e  (E)),  the  h igher  the  breakdown vol tage ,  V . 
S - 

That (E) is  dramat ica l ly  a f f e c t e d  by N I R s  and t h e i r  p o s i t i o n s  can perhaps 

be seen by the  crude,  but  revealimg, d a t a  i n  Fig. 11 on t h e  mean ' f rac t iona l '  

energy l o s s  per  c o l l i s i o n ,  qM((c)). $ is  dominated by i n d i r e c t  energy l a s s e s  

v i a  N1Rs.althougI-t a t  very low energies  d i r e c t  energy l o s s e s  due t o  r o t a t i o n a l  

exc i t a t i .on  a r e  seen t o  be s i g n i f i c a n t .  Di rec t  v i b r a t i o n a l  energy l o s s e s  a l s o  

c o n t r i b u t e  t o  a s  i s  seen from s i m i l a r  d a t a  on hydrocarbons i n  Fig. 12. The 

r o l e  of  r o t a t i o n a l  energy l o s s e s  f o r  p o l a r  molecules can b e  seen from t h e  

%((E)) d a t a  on H20. 

FIG.. 11. r7 ve r sus  
( E ) ~  f o r  He.  and H2. 
The f (E ,  E/P)  was assumed 
t o  be Maxwellian. The w 
and D/p  d a t a  used t o  
determine qM and ( E ) ~  a r e  
from Ref. [4] .  The arrows 
i n d i c a t e  the  threshold  f o r  
v i b r a t i o n a l  e x c i t a t i o n .  

FIG. 12. qE1 ve r sus  ( E ) ~  f o r  hydrocarbons and 
water [ 2 7 ] .  



, The e f f e c t  o f  double  and t r i p l e  bonds on (E)  i s  apparent  from  the(^) 
v e r s u s  E/P d a t a  on a number of  hydrocarbons i n  Fig. 13.  . F o r  a g i v e n  v a l u e  of 

E/P, ( E )  i s  l o v e r  f o r  sys tems w i t h  doub le  and C r i p l e  bonds. T h i s  is c o n s i s t e n t  ' 

wi th  t h e  d a t a  i n  F ig .  14c  where t h e  mean s c a t t e r i n g  c r o s s  s e c t i o n s  (am) ff6r 

thermal  and ep i the rma l  e l e c t r o n s  a r e  s een  t o  i n c r e a s e  w i th  i n c r e a s i n g  number ' ' . . 

of  doubly-occupied n o r b i t a l s  ( i . e . ,  i n c r e a s i n g  number o f  double  bonds) of t h e  

molecule.  I n t e r e s t i n g l y ,  n o t  o n l y  t h e  number b u t  a l s o  t h e  r e l a t i v e .  p o s i t i o n  o f .  . . 

t h e  doub le  bonds a f f e c t s  (om) (F ig .  14d) .  For t h e  a l k a n e s  which p o s s e s s  o n l y  

o  bonds, (om) a r e  sma l l  (comparable t o  t h e  mean geometr ic  c r o s s  s e c t i o n s  [30] )  

and i s c r e a s e  (F ig .  14b) w i th  i n c r e a s i n g  s t a t i c  p o l a r i z a b i l i t y .  F o r  po l a r '  

molecules  a t  thermal  and near- thermal  e n e r g i e s ,  t h e  magnitude o f  (om) is 

determined p r i n c i p a l l y - b y  t h e  s i z e  of  t h e  molecular  e l e c t r i c  d i p o l e  moment 

(F ig .  14a ;  [ 4 , ,  22, 291). 

F I G .  13.  (E)> v e r s u s  
E/P2')* f o r  some hydrocarbons 
1281 - 

. . 
FIG. 14 .  Mean e l e c t r o n  s c a t t e r i n g  . . 

c r o s s  s e c t i o n s  a s  a  f u n c t i o n  o f  (a)  perma- 
nen t  e l e c t r i c  d i p o l e  moment [29];  (b)' s t a t i c  
p o l a r i z a b i l i ~ y  [30] ;  (c )  number of doubly-  
occupied 1 o r b i t a l s  [31]; (d) r e l a t i v e  
p o s i t i o n  of t h e  double  bonds [311. . . 



Another way of eva lua t ing  the s i g n i f i c a n c e  of the aforementioned processes  

i n  slowing-down s u b e x c i t a t i o n  e l e c t r o n s  is  to  consider the time required by a n  

e l e c t r o n  of energy,  E t o  l o s e  energy equal  t o  E - 312 kT and be "thermal- 
i' i 

ized." ' I f  d ~ / d t  i s  t h e  o v e r a l l  r a t e  of energy l o s s ,  the "thermalization t ine"  

An es t ima te ,  T ( ( E ) ~ ) ,  of T ( E . )  can be obtained [27] from 
1 

where w((E)) = e(E/P)w P is -the mean ,;ate a t  which energy is l o s t  by the  e lec-  

t r o n  i n  c o l l i s i o n s  w i t h  t h e  gas molecules a t  a  pressure  P. Such es t ima tes  a r e  

shown i n  Fig .  1 5  f o r  P = 1 t o r r  and show t h a t  t h e  time required f o r  subexcita- 

t i o n  e l e c t r o n s  t o  be  thermalized v a r i e s  s u b s t a n t i a l l y  from one g a s  Co another.  

It i n c r e a s e s  on ly  s lowly wi th  ( E ) ~  f o r  ( E ) ~  0.4 eV, and i t  d e c l i n e s  p rec ip i -  

t o u s l y  i n  the reg ion  corresponding t o  v i b r a t i o n a l  and r o t a t i o n a l  e x c i t a t i o n  

th resho lds .  It i s  thus  seen  t h a t  the  time required f o r  an e l e c t r o n  t o  be  

thermalized is c r u c i a . 1 1 ~  a f f e c t e d  by t h e  energy l o s s  processes in. t h e  

s u b e x c i t a t i o n  energy reg ion ,  e s p e c i a l l y  below % 0.5 eV. 

Elect ron beam s t u d i e s  have pro- 

vided abso lu te  c r o s s  s e c t i o n s  f o r  

d i r e c t  and i n d i r e c t  e l a s t i c ,  ro ta-  

t i o n a l  and v i b r a t i o n a l  e x c i t a t i o n  
- .  

c r o s s  s e c t i o n s  and t h e i r  energy 

dependence. 1mportant .  a s  i t  i s ,  such 

b a s i c  knowledge is  s t i l l  l i m i t e d  and 

r e s t r i c t e d - t o  simple molecules. I n  

Fig. 16, r e p r e s e n t a t i v e  d a t a  a r e  

shown f o r  H2 and N2 whose main fea- 

t u r e s  e l u c i d a t e  a  number of p o i n t s  

d i r e c t l y  r e l e v a n t  t o  breakdown. 

( i )  Ro ta t iona l  e x c i t a t i o n  c r o s s  

s e c t i o n s  a r e  s u b s t a n t i a l  t o  e l e c t r o n  

energies - > 1.0 eV. , 

( i i )  Vibra t iona l  e x c i t a t i o n  

' c r o s s  sec t ions .  a r e  a l s o  s u b s t a n t i a l  

t o  h igh energ ies ;  these  decrease  FIG. 15. Elect ron thermal iza t ion 

wi th  inc reas ing  v i b r a t i o n a l  quantum time a s  a  funct ion of (EX( (P = 1 t o r r )  
(present  work and Ref. [27]) .  

number. 



. . 
( i i i )  The t o t a l  c r o s s  s e c t i o n s  a r e  much l a r g e r  than the  o v e r a l l  i n e l a s t i c  

s c a t t e r i n g  c r o s s  s e c t i o n  dramatizing the  l a r g e  p r o b a b i l i t y  f o r  e l a s t i c  e l e c t r o n  

'6Flp;i FIG. 16. Energy dependence o f  
14 e lec t ron  s c a t t e r i n g  c ross  s e c t i o n s  f o r  

. -1 H2 and N2: t o t a l  e l ec t ron  s c a t t e r i n g  
12 16 .cross s e c t i o n ,  aT, f o r  H2 [32] and N2 

- 
N 10 8 [33];  v i b r a t i o n a l  e x c i t a t i o n  c r o s s  

O sec t ion  f o r  u  = 0 -+ u  = 1 t r a n s i t i o n ,  

s c a t t e r i n g  i n  the  subexc i t a t ion  energy .range. Nevertheless,  from the die lec -  

t r i c  po in t  of view, even e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s  may undergo l a r g e  

energy l o s s e s  i f  they a r e  s c a t t e r e d  i n  a  d i r e c t i o n  opposi te  t o  the  appl ied  

e l e c t r i c  f i e l d  s ince  they would have t o  come t o  r e s t  before  they reverse  

d i r e c t i o n s  and d r i f t  i n  t h e  f i e l d  d i r e c t i o n  again.  

a u  (u = 0 -+ 11, f o r  H2 [34] and N2 
[35];  r o t a t i o n a l  e x c i t a t i o n  c r o s s  sec-  
t i o n  f o r  the  J = 1 -+ J = 3 t r a n s i t i o n ,  
,ar (J = 1 -t 31, f o r  H2 [ 3 4 1 .  
'1 a, (u - 1 to, 8) (see t e x t ) .  

. . 

0 

*, 1.2 - 
z p 1.0 

Y 
e n  , 0.8-  
v) 
0 (E 

U 0 . 6 -  

0.4 

0 . 2 ~ '  

0 -  

( i v )  The c ross  s e c t i o n s  f o r  e l a s t i c ,  r o t a t i o n a l ,  and v i b r a t i o n a l  exc i t a -  

t i o n  a r e  a l l  s t rong ly  a f f e c t e d  by N I R s ,  i nd ica t ing  t h a t  a  l a r g e  f r a c t i o n  of  

these  a r e  i n d i r e c t ,  .via the decay of such resonances. This i s  p a r t i c d a r l y  

dramatized by t h e  N2 d a t a  where X o (u = 1 t o  8) is the  sum of t h e  v i b r a t i o n a l  
U 

e x c i t a t i o n  c r o s s  s e c t i o n s  f o r  t h e  f i r s t  e igh t  ( u  = 1 t o  u  = 8) v i b r a t i o n a l  

l e v e l s  of N2 v i a  t h e  decay of t h e  N?-* (2ng) shape resonance. 

(v) A t  low energ ies ,  polyatomic molecules which a r e  good e l e c t r o n  scaven- 

g e r s  can be simultaneously good e l e c t r o n  thermal izers  owing t o  t h e i r  complex 

0 2 4 6 8 l O O t  2 3 4 5  

ELECTRON ENERGY (sV) 

st.ruc.ture and the  a v a i l a b i l i t y  of a  m u l t i p l i c i t y  of r o t a t i o n a l ,  v i b r a t i o n a l ,  

and low-lying N I R  s t a t e s .  

I n  c l o s i n g  t h i s  s e c t i o n ,  a t t e n t i o n  i s  drawn t o  Tables I and I1 where 

recen t  d a t a  on the  shape resonancesof complex molecules, (themselves not 

d i r e c t l y  s i g n i f i c a n t  a s  gaseous d i e l e c t r i c s )  have been se lec ted  £.or the  purpose . . 

- 
,--.. , 

- ,,' ----... , --. 
, J = I . .  

t" 
I 

- : 
I ' /"'\-e-z fv = 0-1) 

6 .' ' ------=--* 
I I - I  I I 

of i l l u s t r a t i n g  how molecules can be t a i l o r e d  t o  p o s i t i o n  N I R s  a t  w i l l  i n , t h e  

subexc i t a t ion  energy range. ' It i s  seen from Table I. t h a t  the  p.resence of a  - 

3 

. :  

 he v e r t i c a l  p o s i t i o n  of the  N I R s  is given i n  , t h e s e  t ab les .  When ava i l ab le .  
t h e  t r a n s i t i o n  energies  from the  lowest v i b r a t i o n a l  l e v e l ,  v  = 0, of the 
n e u t r a l  molecule t o  the lowest v i b r a t i o n a l  l e v e l ,  u' = 0, of the negat ive  i o n  

i s  given i n  parentheses and can be considered t o  give the  a d i a b a t i c  value  of 
EA. 

Zo,fv=l TO 8) 

W " ( V  = 04) 

:: i: 
i:;:$ 
;$?!  ; r  . - 5:. ., 

I I I L I  



double. bond lowers the  p o s i t i o n  T,\BLE I :  ~ c f r c t  of sccucruro on th. ~ o s t r l o n '  o f  chs ) i e s a c ~ v ~ - ~ o n  

5 1 , ~ p ~  ~asonancos o f  p.lrac,slc %~I.cul.s 

' of t h e  N I R  ' ( i . e . ,  i t  i n c r e a s e s  
m s l r l o n  o l  

Posi t  Lon of Second .YIP 
1 ) .  The presence of an addi- M O L N U I ~  F O ~ . ~ .  rLrar Z I R  or  arm^^ 

t i o n a l  double bond f u r t h e r  lowers """ HIC-CHI 5-2.1a 

e thy lene  HIC-CHz -1.18 ( - 1 . 5 ~ ) ~  

the  p o s i t i o n  of t h e  N I R ,  but  P r o C n e  CH,IIC-CHI - 1 . 9 9 ~  

~ I s - h c e n ~  CHIHC-CHCHj - 2 . ~ 2 ~  

1. >8ur rd len r  H2C-CH-CH-CH2 -0.62 ( - 0 . 6 2 ) ~  - 2 . 8 0 ~  t h i s  lowering is  a func t ion  of 

the  d i s t a n c e  between t h e  two 

double bonds. It i s  ev iden t  

trom t h e  da ta  i n  Table I 

t h a t  t h e  replacement of an H 

atom by a CH3 group r a i s e s  the  

N I R  (lowers EA). For aromat ic  

molecules,  t h e  N I R  is r a i s e d  

(EA more negat ive)  when an 

e l e c t r o n  donating group is  

added t o  the r i n g .  For both 

a l i p h a t i c  and aromatic 

molecules, replacement of a n  H 

atom by an e l e c t r o n  withdraw- 

i n g  group 6 r  a halogen lowers 

t h e  p o s i t i o n  of t h e  NIR.  This  

lowering inc reases  wi th  

i n c r e a s i n g  number of halogens 

(or  e l e c t r o n  withdrawing 

groups) s o  t h a t  EA even tua l ly  

becomes 5 0 eV and long-lived 

Cyc 1ohcr.n. -2.01b 

pa ren t  nega t ive  ions  can form. v 
Pluorob.n=.m. - 1 . 2 1 ~  ( -0 .89 )~  -l.?ba -4.11 

It can thus  be concluded 
1.2,b.S-Tetra- ( - 0 . 2 9 ) ~  (-1.2')~ -4.6bd 

t h a t  by changing the  number and 
'LwrOb'"""~ 

t h e  p o s i t i o n  of double bonds, -..ti--.- '& +1.8* t1.3- -0.?1* -. r I T  

and e s p e c i a l l y  by changing the  ? 

'Th. l t c s c  c h r r  NIP. ace . . . o ~ I a e d  r l t h  ch. .kc.. unoccupl.0 b tb l tb lb .  Tna 
CO " number and t h e  n a t u ~ e  of t h e  ...ocL.I.~ Y I C ~  an ddlc1-1 o r b l c a l  r.sutc1n8 I- an i ne . ruc too  o r  c b  c.rbonyl .- 

o r b l e a l  u l t h  on. (.)o.rrlc) of  eh. tro l o r s c  d.b.arat. . o r b l c a l s  o t  h a - .  TD. 

s u b s t i t u e n t ( s )  t o  a b a s i c  I-.~ I- NIPS lor ~s.~x.M .nd h.ut1wmb.nz.o ... d.g.n.rac.. . lor a coap~etc d l r  

c u s s l a .  s- 1.1. 181. 

s t r u c t u r e  (e thylene i n  Table I, %.r. 141).  

bR.t. 1421. 

benzene i n  Table 11),  N I R s  can 1431. 

d b t .  [&&I. 

be posi t ioned a t  w i l l  i n  t h e  OR.). 1201. 

s u b e x c i t a t i o n  region.  From the  

d i e l e c t r i c  po in t  of view, mul t ip le  f l u o r i n e  s u b s t i t u t i o n  i n  the  var ious  bas ic  

hydrocarbon s t r u c t u r e s  can be employed f o r  t h i s  purpose. 



5. Electron-Impact Ion iza t ion  

Although most of t h e  d i scuss ion  i n  t h i s  pap.er i s  on processes occurring 

below % 10 eV, i t  i s  e s s e n t i a l  that '  the r o l e  of the e lec t ron  impact ion iza t ion  

cross  s e c t i o n ,  u ~ ( E ) ,  is assessed.  From the breakdown point  of view, i t . i s  the  

behavior of a .  (E) c lose  t o  I (say t o  wi thin  % 20 eV) which is  o f ' i n t e r e s t ,  
1 

s ince  a t  h igher  energ ies  f ( ~ ,  E/P) is  very small  and t h e  con t r ibu t ion  o f ' t h e  . . 

"high-energy t a i l "  of f  ( E ,  E/P) t o  Eq. ( 2 )  i s  neg l ig ib le .  In  t h e  energjr range 

c lose  t o  I ,  i o n i z a t i o n  proceeds d i r e c t l y  o r  i n d i r e c t l y  v i a  superexc i t a t ion  [ 4 ] .  

Examples of a .  (E) a r e  shown i n  Fig. 17. ' It can be seen from 'the expanded 
1 

por t ion of Fig.  17  t h a t  c l o s e  . t o  I, a .  (E)  v a r i e s  considerably from molecule, t o  
1 

molecule and o f t e n  i n  a d i f f e r e n t  manner than a t  h igher  energies.  .It is t h i s  

low-energy p o r t i o n  of a . ( ~ )  which is  t h e  most s i g n i f i c a n t  from the  d i e l e c t r i c  
1 

poin t  of view. 

FIG'. 17.. o.(e) f o r  
C02, N2; and%2 151. 

6. Other Processes  

No d i scuss ion  is  given of the  p rocesses .o f  ion-pair  formation, recombina- 

t i o n  o r  ion-molecule r eac t ions .  A comment on e l e c t r o n  detachment, e s p e c i a l l y  

c o l l i s i o n a l  detachment, i s ,  however, i n  order s i n c e  t h i s  process  can be sbgni- 

f i c a n t  f o r  weakly bound anions.  Although i t  is d e s i r a b l e  t h a t  t h e  EAof t h e .  

i n s u l a t o r  molecule be l a r g e  so t h a t  the  a t t ached  e l e c t r o n  is t i g h t l y  bound' to ' 

the  molecule, t h e  EA need not be too high t o  avoid c o l l i s i o n a l  detachment s i n c e  

ion-neutra l  co l l i s ion ' s  under normal cond i t ions  involve  small  re1at ive .k inet i .c  

energies .  

7. Recent Breakdown Strength  Measurements and Their  R e l a t i o n ' t o  Basic 

Electron-Molecule Cross Sect ion Data 

A. E f f e c t  of aa (€ )  

I n  Fig. 18,  a,(€) f o r  CqF6, c-C4F8, and iso-C4F8 a r e  shown. These extend 

t o  much higher  energ ies  than the  a ( E )  f o r  SF6.but a r e  lower below % 0.1 eV. 
a 

The r e l a t i v e  DC d i e l e c t r i c  s t r eng ths  of these-  f luorocarbons a r e  shown on the  



same f i g u r e .  S i m i l a r  d a t a  a r e  presented  i n  Fig. 19  f o r  C6F10 and C6F12 whose 

a  ( c )  3150 cxtcnd t o  h ighc r  e n e r g i e s  than the  a (E)  f o r  SF6 but a r e  comparable 
a  a  

below % 0 . 1  eV. The r e l a t i v e  DC breakdown s t r e n g t h s  are shown on t h e  f i g u r e .  

The r e s u l t s  i n  F igs .  1 8  and 19  sugges t  t h a t :  ( i )  A l l  t h e s e  gases  a r e  e x c e l l e n t  

d i e l e c t r i c s  because of  t h e i r  very l a r g e  a,(€)-  ( i i )  C4Fg i n  Fig.  1 8  and C6F12 

i n  F ig .  1 9  e x h i b i t  t h e  b e s t  breakdown s t r e n g t h  because t h e i r  a (E)  i s  l a r g e  t o  
a 

s u b s t a n t i a l l y  h i g h e r  e n e r g i e s  than t h e  r e s t .  ( i i i )  The s u p e r i o r  d i e l e c t r i c  

s t r e n g t h  o f  t h e  two forms of  C4F8 (Fig .  18) and of  C6F10 (Fig.  19)  can be 

a t t r i b u t e d  s i m i l a r l y  t o  t h e i r  a b i l i t y  t o  c a p t u r e  e l e c t r o n s  over  a  wider  range 

of e n e r g i e s  t h a n  SF6. The r a t h e r  be t . te r  breakdown s t r e n g t h  of  is0-C4F8 com- 

pared w i t h  t h e  c-C4F8 may be  a s s o c i a t e d  w i t h  t h e  s l i g h t  ex t ens ion  of i t s  a a ( ~ )  

t o  h i g h e r  E ,  a l though  i ts double bond must i n f l u e n c e  t h e  v a l u e  of V . ( iv )  The 
S 

s u p e r i o r  breakdown s t r e n g t h s  of  a l l  f i v e  compounds i n  F i g s .  1 8  and 1 9  ( see  a l s o  

Refs. [28, 45, 461) compared w i t h  SF6 seem t o  sugges t  t h a t  e f f e c t i v e  e l e c t r o n  

a t t achmen t  i n  t h e  energy range  % 0.5 t o  % 1.5  eV is v e r y  s i g n i f i c a n t .  i n  

c o n t r o l l i n g  breakdown. S ince  a  (E) f o r  SF6 becomes q u i t e  sma l l  above % 0.4 e V ,  
a  

i t  may b e  i n f e r r e d  t h a t  SF6 is  a  poorer  d i e l e c t r i c  because  it l o s e s  e f f e c t i v e  

c o n t r o l  o f  f r e e  e l e c t r o n s  w i t h  E < 0.4 eV. It is seen  f rom Fig. 1 ( s e e  a l s o  

D/p v e r s u s  E/P d a t a  i n  F ig .  10)  t h a t  a much 1 a r g e r . f r a c t i o n  (21% f o r  A r  a t  

E/P = 2  V cm-' t o r r - l )  o f  e l e c t r o n s  w i l l  have e n e r g i e s  0.5 t o  % 2.0 eV a t  pre- 

breakdown E/P v a l u e s  than  i n  t h e  r e g i o n  < 0.4 e V  (% 1% f o r  A r  a.t E/P. = 2  V cm-i 
t o r r - ' )  where u a ( ~ )  f o r  SF6 is s u b s t a n t i a l .  Conversely, t h e  importance of 

b a s i c  d a t a  on the E dependence of a is  c l e a r l y  borne o u t  by t h e s e  f indings .  
a 

FIG. 18-  a (E) f o r  SF6 [1] , C-C4F8 
121, iso-CbF8 121, a n d  C4F6 121. R e l a t i v e  
DC d i e l e c t r i c  s t r e n g t h s  measured wi th  a 
plane-plane e l e c t r o d e  geometry [45]. 

0 0.2 0.4 0.6 0.8 1.0 I.? 



Support f o r  t h e  above p r o p o s i t i o n s  is  

provided by t h e  d a t a  i n  F ig .  20, where Vs 
5 

i s  p l o t t e d  a s  a f u n c t i o n  o f  t h e  percentage  

o f  t h e  f l uo roca rbon  a d d i t i v e  i n  .N2 a t  a  - 
N~ 2 

f i x e d  t o t a l  p r e s s u r e  (500 t o r r ) .  Although 
,0-14 

f o r  each  c a s e  t h e  V of the. b i n a r y  mix tu re  
s W 

U) 

i n c r e a s e s  w i t h  i n c r e a s i n g  a d d i t i v e  concen- "7 I,7 

0 5 
a 

t r a t i o n ,  SF6 s u f f e r s ,  i n  c o n t r a s t  t o  t h e  u * 
W r e s t ,  a marked s a t u r a t i o n  e f f e c t .  It I 
3 2  

appea r s  t h a t  this behav io r  can a g a i n  be 2 z 
a t t r i b u t e d  to  t h e  E dependence of  t h e  a f o r  $ a  a 

I- 

SF6: a modest amount (% 200 t o r r  on t h e  8 
d 5 

b a s i s  of  F i g . 2 0 )  o f  SF6 c a p t u r e s  v i r t u a l l y  

a l l  e l e c t r o n s  w i t h  E < 0.4 eV s o  t h a t  
2 

a d d i t i o n a l  amounts o f  SF6 serve l i t t l e  pur- 

On t h e  o t h e r  hand, t h e  f l uo roca r -  lo-g o 0.2 0.4 0.6 0.8 LO t.2 

ELECTRON ENERGY (aVI 
bons c a p t u r e  e l e c t r o n s  o v e r  a wider  p a r t  

o f  f ( ~ ,  E/P) and i n c r e a s i n g  t h e i r  pro- FIG. 19. cr,(~) f o r  SF6 [I], 
CgF10 [2 ,  451, and CgF12 [221. 

p o r t i o n s  p rov ides  a d d i t i o n a l  e l e c t r o n  The r e l a t i v e  D C ' d i e l e c t r i c  

removal. F o r . t h e  same r ea son ,  i t  would s t r e n g t h s  shown i n  t h e  f i g u r e ' w e r e  
measured [45]  w i t h  a sphere-plane 

seem t h a t  f r e e  e l e c t r o n  c o n t r o l  by SF6 i n  electrode geometry and 

nonuniform f i e l d s  would tend  t o  b e  t o  s l i g h t l y  nonuniform f i e l d s .  

IIIf we assume char f ( s ,  H/P) for  the 
o c " " '  lo 0 .o .D ID SF6-N2 m i x t u r e s  j u s t  b e f o r e  breakdown 

s -1111. m n. or =u 
resembles  t h a t  f o r  pu re  A r  a t  E/P = 
2  V cm-l t o r r - l ,  chen on ly  about  1% FIG. 20. Breakdown v o l t a g e ,  
of  t h e  e l e c t r o n s  w i l l  have e n e r g i e s  . Vs,  v e r s u s  pe rcen t  o f  e l e c t r o n  
< 0.4 eV. If l o8  e lec t rons /c rn3  a r e  a t t ' a ch ing  a d d i t i v e  t o  N2 ( t o t a l  
p r e s e n t ,  t hen  % 150 t o r r  of  SF6 would p r e s s u r e  = 500 t o r r ;  plane-plane 
be s u f f i c i e n t  t o  remove l o 6  e l e c t r o n s /  e l e c t r o d e  geometry) [45] .  
cm3. 

i n f e r i o r  t o  f r e e  e l e c t r o n  c o n t r o l  by a 
.m 

gas  o r  a g a s  mix tu re  which a t t a c h e s  e l ec -  

t r o n s  ove r  a wide r  energy  range ,  s i n c e  
.0 

nonuniform f i e l d s  imply l o c a l  d i s t o r t i o n  

of  f ( ~ ,  E/P)  toward h i g h e r  e n e r g i e s .  

,I 
0/ 

H..).). .--- 
I / /  - 0/ 0° ,.' 

*.I $. I 
, / /  a4 

A d d i t i o n a l l y ,  m ix tu re s  of C6F6 . ' 
(hexafluorobenzene)  and c-C4F8, and 

C6F6 and SF6 were found [ 4 7 ]  t o  have a  

h i g h e r  V t han ,  r e s p e c t i v e l y ,  pu re  c-C4F8 
S 

and SF6. T h i s  a g a i n  u n d e r l i n e s  t h e  



importance of t h e  high-energy region of the e l e c t r o n  energy d i s t r i b u t i o n ,  s ince  

C6F6 has th ree  n bonds. and i t s  u (€1 extends to  higher energ ies  than t h e  a  (E) 
a a  

of e i t h e r  c-C4F8 o r  SF6. The extreme e f f e c t i v e n e s s o f  systems with l a r g e  ua(&) 

exLending t o  high energ ies  as .  a d d i t i v e s  t o  cheap a n d . i n e r t  gases  and t h e i r  

s i g n i f i c a n c e  i n  designing multicomponent gaseous i n s u l a t o r s  can perhaps be 

indicated by t h e  da ta  i n  Table 111. (see  a l s o  Refs. [28, 45 -47 ] ) .  

B. E f f e c t  of N I R s  

Christophorou e t  a l .  [ 4 5 ]  obtained what 

seems t o  be t h e  f i r s t  d i r e c t  experimental 

evidence o f  t h e  in f luence  of N I R s  on break- 

. down. A s e r i e s  of breakdown s t reng th  

measurements on CO, N2, and H2 and on binary 

mixtures  o f  these  wi th  CqF6 (hexafluorobutyne) 

have been made [45] and prel iminary r e s u l t s  

a r e  shown i n  Table IV. The a,(€) of C4F6 and 

t h e  c r o s s  s e c t i o n s  f o r  v i b r a t i o n a l  e x c i t a t i o n  

of CO, N2,  and H2 v i a  N I R s  a r e  shown i n  

Fig.  21. The p o s i t i o n  of t h e  NIRs 

d e c r e a s e s ' i n  t h e  o rder  CO < N2 < Hp and 

t h e  magnitude o f .  the  s c a t t e r i n g  c ross  . 

s e c t i o n s  i n  t h e  order  CO > N2 > Hi 

(a;, [see Fig. 101 and aT [ 4 ,  451 decrease 

i n  t h e  same o r d e r ) .  The cross-  s e c t i o n  

d a t a  i n  Fig.. 2 1  compared w i t h  the  r e s u l t s  

i n  Table IV s h o w t h e  d i r e c t  e f f e c t  of the  

TABLE 111: Rehrlv. arubdaa S c r a . e b g  of Sar a d  

Ihror*.nt , -  rurtr-• 

C u e o w  l lxruc.  
bV.IJ(?d) 

( k V l . r o a )  

Nz - C.F6 - - 3 
IDOZ - 1.w 
- - 1001 8.6) 

- 1001 - 19.76 

90% lo? - 6.71 

802 201 - 8.71 

' 7OX WZ - I D . l 0  

80% - 201 6.53 

801 lor 1 U  7.60 

box 201 2 m  9.5L 

IOL m 201 11.11 

TMLL lV: Br..Ldor. S c r W t h .  of I(). OD. Wz. d I*LUW 

utun. of mu rlrh c.r.*.* 

1 m  - - 17.1 

- 100 - - 2-16 - - 100 - 1.52 - - - 100 1.1) 

11 67 - - 8.93 

31 - 67 - 10.7 

>> - - 67 8.76 

%...lu.d -in. a w l -  . l r t ~  .t . W C d  ...p.ra of 2 a s  

+o&r idmticd e o p d i c m  dV./b(W) tor p.n 9 6  L.-69 LVI- 

i n e l a s t i c  p r o p e r t i e s  of t h e  gas v i a  N I R s  i n  t h e  subexci ta t ion energy range- 

e s p e c i a l l y  % 1 t o  % 4  eV-on breakdown; the .h igher  fhese  c r o s s  sec t ions .  a r e ,  

t h e  b e t t e r  t h e  breakdown s t reng th .  This conclusion is c o n s i s t e n t  wi th  the, . 

f ind ings  i n  p a r t  B of t h i s  s e c t i o n  and i n d i c a t e  the  s t r o n g  e f f e c t  of t h e  energy 

l o s s  processes  i n  t h e  s u b e x t i t a t i o n  range on breakdown. . 

8. Concluding Remark 

The breakdown s t r e n g t h  of gaseous d i e l e c t r i c s  can be improved by reducing 

t h e  numbersof f r e e  e l e c t r o n s  i n  t h e  d i e l e c t r i c  and by reducing the energ ies  

of those  e l e c t r o n s  remaining f r e e .  The b e s t  gaseous i n s u l a t i n g  systems a r e  

envis ioned t o  be appropr ia te  combinations of compounds blanket ing a wide range 

of e n e r g i e s  wi th  maximal e l e c t r o n  attachment and-elect ron s c a t t e r i n g  c r o s s  

s e c t i o n s .  Both . the  b a s i c  and the  appl ied a s p e c t s  of the  multicomponent. 

i n s u l a t o r  need i n t e n s e  f u r t h e r  inves t iga t ion .  



FIG. 21. a,(€) for C4F6 123 and 
vibrational excitation cross sections 
via the decay of NIRs for CO, N p ,  and 
(see caption of Fig. 1). 

ELECTRON ENERGY. (eV) 
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