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1 . Qhe High Vacuum Spark: In tro d u ctio n  and H is to r ic a l  Survey.

1 .1 .  In tr o d u c tio n .

E lec tro n s can be e x tr a c te d  from co ld  m etal su r fa ce s  by 

h igh  e l e c t r i c  f i e l d  s tr e n g th s . The phenomenon i s  known as 

f i e l d  or a u to -e le c tr o n ic  e m iss io n , and in  1928 M illik an  and 

L au ritzen  (1 ) in trod u ced  an em p ir ica l formula governing the  

e m iss io n . This was

I = C  exp . ( - b/ v ) where I i s  th e e le c tr o n  cu rr en t,

V i s  th e e x tr a c t iv e  f i e l d ,  

and C and B are c o n s ta n ts .

The c l a s s i c a l  th eory  o f  th a t tim e (2 ) f a i l e d  to  provide a 

f i e l d  em ission  mechanism and in  1928 Fowler and Nordheim (3 )  

produced a th eory  based on wave m echanics. This theory has 

been s u c c e s s iv e ly  improved u n t i l  i t  now agrees w ith  the 

e m p ir ic a l r e s u lt s  w ith in  th e l im it s  o f  experim ental error ( 4 ) .

I f  the v o lta g e  between e le c tr o d e s  in  h igh  vacuum i s  r a is e d ,  

the f i e l d  em ission  cu rren t w i l l  r i s e ,  and a t  a c e r ta in  p o in t  

a sudden in c r e a se  o f  many orders o f  magnitude w i l l  take p la c e .  

This phenomenon is  known as h ig h  vacuum breakdown and i s  the 

s u b je c t  o f  the p resen t s tu d y .

The p reven tion  o f  h igh  vacuum breakdown i s  o f  importance 

in  c e r ta in  h igh  v o lta g e  equipments such as tr a n sm ittin g  v a lv e s ,  

X-Ray tu b e s , magnetrons and a c c e le r a to r  tu b e s .

A co n sid era b le  volume o f  work has been ca rr ied  out on 

vacuum breakdown but w ith  variou s types o f  e le c tr o d e  geom etry.
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lu a te r ia l ,  and su r fa ce  c o n d it io n . A g re a t d ea l o f  the a v a ila b le  

in form ation  remains u n c o rre la ted , and w ith  th is  in  mind the 

fo llo w in g  h i s t o r i c a l  survey has been drawn up. The survey

concludes w ith  a summary o f  th e var io u s proposed mechanisms o f  

breakdown and a c o r r e la t io n  o f the a v a ila b le  r e s u lt s  w ith  th ese  

m echanisms.

Ohe t e x t ,  ( s e c t io n s  2 ,  3 and 4 ) ,  which fo llo w s  the h i s t o r i c a l  

su r v e y , d escr ib es  the 03q)erimental tech n iq u es,an d  p resen ts  the 

data o b ta in ed . The c o n c lu s io n s , o th er than th ose  n ecessa ry  

fo r  an exp la n a tio n  o f the t e s t  p roced u re, are reserved  u n t i l  

the fi:n a l s e c t io n .

1 . 2 . H is to r ic a l  Survey.

The h ig h  vacuum spark and a rc  were f i r s t  m entioned in  

p u b lish ed  papers in  connection  w ith  sp ectro g ra p h ic  s t u d ie s ,  and 

as e a r ly  as 1897 Wood d escr ib ed  what was ap p aren tly  a h ig h  

vacuum sp ark . In th ese  s tu d ie s  , ( 5 ,6 ,7 ,  )th e spark or a rc  was 

used as a sp ectrograp h ic  source in  the d eterm in ation  o f  the 

spectrum  o f  the e le c tr o d e  m eta l.

In 1918, M illik a n  and Saw yer^described experim ents which 

had taken p la ce  in  19Q5 on h igh  vacuum breakdown a cro ss  gaps 

o f  one m illim e tr e  or l e s s .  ’Hot m e ta l l ic  sp a r k s’ were obtained  

a t  g ra d ien ts  o f about 150) KTV/mn. I t  was n oted  th a t the break

down v o lta g e  rose w ith  continued  sp a rk in g , and th a t  th ere  was a 

f a l l  in  breakdown v o lta g e  to  about the o r ig in a l  va lue i f  the 

e le c tr o d e s  were l e f t  for some tim e. This le d  the authors to  

su g g e s t  the dependence o f the spark p o te n t ia l  on a su r fa ce  

c o n d it io n .
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In 1922, Hayden (8) wrote o f breakdovm between h ig h ly  p o lish e d  

molybdenum sp h e res . The bulb was baked vfhile evacu a ted , and 

the spheres were ou tgassed  by h ea tin g  to  incandesence by 

e le c tr o n  bombardment* The v o lta g e  ( s ix t y  c y c le s  per second) 

to  break dovm the gap o f 3•06 mm. was 213 KV., or a maximum 

m acroscopic su rfa ce  g ra d ien t o f  123 .5  KV/rara.

P ie r s o l ,  ( 9 ,1 0 ) ,  in  1924 , d escr ib ed  d isch a rg es between  

h em isp h erica l molybdenum s h e l l s  which were 0 .2 3  mm. a p a r t .

The tube was baked a t  500*^0 b efo re  s e a l in g  o f f ,  and p r io r  to  

t e s t in g ,  the e le c tr o d e s  were h eated  to  1400^0. A c r i t i c a l  

g ra d ien t o f 540 KV/rarn. was o b ta in ed .

In 1926 the G.E.C. R esearch S t a f f  (11) m entioned breakdown 

phenomena in  experim ents on e le c tr o n  f i e l d  em ission  from a 

filam en tory  cathode to  a d is c  anode, and d escr ib ed  how on 

occasion  the d isch arge took  p la ce  v ia  the g l a s s .  They su g g ested  

th a t the tr a n s ito r y  e f f e c t s  m ight be due to  sodium. A r e s i s t 

ance in  s e r ie s  w ith  the e le c tr o d e  system  had a va lu e o f  l-lOIvLo- 

and breakdowns were ob ta ined  a t  f i e l d s  h igh er  than 440 KV/mm.

E yrin g , Mackewan and M illiim n , (12) in  1928, p u b lish ed  a 

paper in  which they s ta te d  th a t i t  was p o s s ib le  to  co n d itio n  

th e ir  w ire cathode so  th a t  a su r fa ce  f i e l d  s tr e n g th  o f  400 KV/mm. 

produced no cu rren t a t  a l l .

In the same year H ull and Burger (13) d escr ib ed  vacuum 

breakdown phenomena•-
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Heavy d isc h a r g es  were p assed  between ’s o l id  tu n gsten  e le c t r o d e s ’ 

2 mm. a p a r t . Cathode Ray O sc illo g r a p h  s tu d ie s  showed th a t  the  

cu rren t s ta r te d  as a ’pure e le c tr o n  d isc h a r g e ’ , but soon changed 

to  a tu n g sten  vapour a r c . The a rc  v o lta g e  was l e s s  than 1 ,0 0 0  

and th e d isch a rg e  cu rren t was as h igh  as 20 ,000  am peres. As 

soon as the d isch a rg e  ce a sed , the tu n gsten  vapour condensed and 

the breakdown v o lta g e  retu rn ed  to  i t s  o r ig in a l  v a lu e . The tim e 

la g  in  p a ss in g  from pure e le c tr o n  to  a rc  d isch arge  was l e s s  

than 10 sec o n d s . ühe tim e la g  in  r e v e r t in g  to  e le c tr o n  

d isch a rg e  was between 1 and 10 m icroseconds for heavy cu rren t  

d is c h a r g e s . The su r fa ce  g r a d ie n t n ecessa ry  fo r  breakdown was 

ab out 50KV/mm. fo r  tu n gsten  and lOKV/mm. for  carbon.

A lso  in  1 928 , de Bruyne ( 1 4 ) ,  m entions th a t i f  the v o lta g e  

was taken too h igh  during h is  f i e l d  em ission  measurements (o f  

th e order o f  m icroam peres), a b r ig h t  s ta r  would m om entarily  

appear on th e  ca th od e, and th e r e a fte r  a new em ission  ch a ra c ter 

i s t i c  was o b ta in ed .

In  the same year Tomas chews ky ( 1 5 ) ,  d escr ib ed  experim ents

c a r r ie d  out a t  Leningrad on "The I n s u la t in g  S tren g th  o f  H i^

Vacuum". Experim ents a t  lower v o l ta g e s ,  up to  a few thousand,

confirm ed the r e s u lt s  o f  M illik a n  e t  a l .  (1 1 ,1 2 )  fo r  w e ll

ou tg a ssed  e le c t r o d e s .  At h igh er  v o lta g e s  experim ents were

c a r r ie d  out w ith  variou s m etals and shapes o f  e le c tr o d e s  -

d is c  type and crossed  w ires a t  sp acin gs o f  1mm. O utgassing

in  g e n e r a l,c o n s is te d  o f  e i th e r  baking the tube a t  400°G or

bombarding the e le c tr o d e s  by e le c tr o n s  and g e t te r in g  w ith  

a l k a l i  m e ta l.



Tomas chewsky found th a t  for th e se  d i f f e r e n t  e le c tr o d e s  the  

d isch arge s ta r te d  about 40KV w ith  in te n s e  X-Ray flu o resc en ce  

o f  the v e s s e l  w a l l s .  In another s e t  o f exp erim en ts, e le c tr o d e s  

o f  n ic k e l ,  ir o n , and variou s s t e e l s ,  were ou tgassed  by p reh ea tin g  

to 1,000^0 in  a vacuum oven and then by a p p lic a t io n  o f  h i ^  

v o lta g e  when s e t  up in  the sy stem . With a gap o f  3.5mm. the 

d isch arge  s ta r te d  a t  1 3 0 -1 40KV. Tomaschewsky n oted  th a t  die

behaviour o f  s t e e l s  depended on th e ir  carbon and su lphur con ten t 

-  the higher the c o n te n t, the lower the d isch arge v o lta g e .

A p e r io d ic  appearance o f g a s , which was in d ic a te d  by a glow  

in  the gap was n oted  when u sin g  s t e e l  e le c t r o d e s ,  in d ic a t in g ,  

i t  was th ou gh t, a d if fu s io n  o f  gas from the in n er la y e r s  o f  the 

m e ta l. This was noted  a t  a c e r ta in  s ta g e  in  th e o u tg a ssin g  

when the e le c tr o d e s  were su b jec te d  to  120-140KV. Gas would 

s t a r t  to  appear a t  the e le c tr o d e s  a f t e r  20-50  sec o n d s , and would 

be pumped away -  the gap again  becoming dark . This c y c le  

cou ld  be observed over many h o u rs , occurring  a t  reg u la r  time 

in t e r v a ls i  the s h o r te s t  o f which was about f iv e  m in u tes. This 

phenomenon u su a lly  d isappeared  w ith  fu rth er  o u tg a ss in g .

C erta in  circum stances made Tomas chewsky su g g e s t  th a t  the 

breakdown was d u e , n o t to  the f i e l d  s tr e n g th  on th e  e le c tr o d e  

s u r fa c e s ,  but to  th e t o t a l  v o lta g e . This seemed to  be 

v e r i f ie d  by the fa c t  th a t  in  an experim ent w ith  one h a l f  o f  an 

e le c tr o d e  removed, the d isch arge c h a r a c te r is t ic s  were the same 

as w ith  the e le c tr o d e s  w hole. He c i t e d  the r e s u lt s  o f  

d e l R osario  (1 6 ) ,  who ap p aren tly  found th a t the d isch arge  

cu rren t was the same fo r  d i f f e r e n t  f i e l d s .  D el R o sa r io ’s
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r e s u lt s  were d isp roved  la t e r  (1 7 ) .  Tomaschewsky observed th a t  

ou tgassin g  was im paired l i t t l e  by a llo w in g  the system  to  stan d  

for a tim e a t  atm osphere. I t  was concluded fran t h is  work , 

th a t w ith  sim ple methods o f  o u tg a ss in g  and normal en g in eer in g  

m a te r ia ls , a breakdown s tr e n g th  o f  40KV/mm. can be obtained#

In 1930, Compton and Langmuir (7 8 ) m entioned th a t  in  1914 

(C oo lid ge) and 1922 (C oolidge and Langmuir) i t  was observed th a t  

when f i e l d  currents from a p o in t  cathode in  h igh  vacuum were 

r a is e d  to  s e v e r a l m illia m p e r e s , in can d escen t sparks were sh o t  

out from the cathode in  the g en era l d ir e c t io n  o f  the d isc -sh a p ed  

anode. These p a r t ic le s  d escr ib ed  sh a rp ly  curved p a th s , convex  

on th e  s id e  towards the an ode, so  th a t  most o f  them d id  n o t s t r ik e  

the anode. Many o f  th e se  p a r t i c l e s ,  when th ey  stru ck  the anode 

or b u lb , were seen  to  rebound. I t  was su g g ested  th a t th is  e f f e c t  

was probably caused by lo c a l  h ea tin g  r e s u lt in g  from the enormous 

cu rren t d e n s it ie s  a t  th e em ission  s p o t . P a r t ic le s  le a v in g  the  

cathode had a h igh  n e g a tiv e  charge and were a t tr a c te d  towards 

the anode. B ecause o f  th e ir  h ig h  tem perature, however, th ey  

em itted  e le c tr o n s  and so  became p o s i t i v e ly  charged , and were 

r e p e lle d  from th e anode. C on sid eration  o f  the tem peratures 

a tta in a b le  a t  th e p o in t ,  showed th a t fo r  i n t e n s i t i e s  o f  %s much
p

as 10 amperes per cm the tem perature d if fe r e n c e  produced would 

be on ly  about 1 ° ,  and i t  appeared probable th a t the p a r t ic le s  

o r ig in a te d  a t  su r fa ce  p o in ts  which were n o t in  good e l e c t r i c a l  

and therm al co n ta c t w ith  the body o f  the cathod e.
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B en n ett, in  1 9 3 1 (1 9 ), made some in t e r e s t in g  o b serv a tio n s  

regard in g  breakdown. His study was on the d isch arge between  

u n con d ition ed  spheres w ith  a s e r ie s  r e s is ta n c e  o f  IDMru 

" I t  was e s ta b lis h e d  th a t  w ith  f a i r  p o l is h  and p u r ity , the f i r s t  

em iss io n  always began a t  much h ig h er  f i e l d  stren g th s  and 

s u f fe r e d  a sudden spontaneous in c r e a se  o f  la r g e  order o f  

magnitude a t  s t i l l  h igher f i e l d s ,  i . e .  "breakdown"^ than the  

f i e l d s  a t  which em issio n  was drawn su b seq u en tly ."  He found 

th a t  on o cca sio n s th ere would occur a sudden la rg e  order in c r e a se  

in  cu rren t which behaved l ik e  premature breakdown. I t  would 

j u s t  a s suddenly d isa p p ea r , accompanied by a d i s t i n c t  c l i c k  o f  

the g l a s s ,  as i f  a m e ta l l ic  p a r t ic le  had h i t  i t .  This seemed 

to  in d ic a te  th a t fo r e ig n  p a r t i c l e s ,  e i th e r  from the anode or 

some other p art o f the tu b e , cou ld  f l y  to  the ca th od e, a d h ere , 

g iv e  e m iss io n , and be to m  from the cathode le a v in g  no sca r  

w hich would g iv e  m easurable e m iss io n .

B en n ett a l s o  found th a t ,  u sin g  a copper cathode and anodes 

o f  molybdenum, alum inium , chromium and magnesium, the lo w e s t  

m easurable cu rren t fo llo w in g  breakdowns occurred a t  f i e l d s  much 

h igh er than w ith  a copper anode. I t  would appear th a t the 

a u to -e le c tr o n ic  em ission  was from a p a r t ic le  to m  from th e anode 

and ad h erin g  to  the ca th od e. I f  a l t e r n a t iv e ly  the breakdown 

v/as due to  ru p tu ring  o f  the copper cathode s u r fa c e , i t  would be 

n ece ssa r y  to  suppose th a t the r e la t iv e ly  lower cu rren ts u sin g  

one o f  the above four m eta ls as anode was due to  "beating  down 

o f  the ragged edges by p o s i t iv e s  from the anode."



—O—

( The terra ’p o s i t i v e s ’ was presumably in ten d ed  to  cover e ith e r  

p o s it iv e  io n s or la r g e r  p a r t ic le s  o f  anode m a ter ia l w ith  a 

p o s it iv e  charge*) This p o s s i b i l i t y  was fu r th er  supported  by 

the fa c t  th a t ,  a f t e r  prolonged  a u to -e le c tr o n ic  d isc h a r g e , the  

w hite colour o f  th e anode m etal was d is t in g u is h a b le  as a sm all 

sp o t a t  the em ittin g  p o in t  on the copper cathode*

A lso  in  1931, a paper by Snoddy ( 2 0 ) ,  d escr ib ed  im pulse  

breakdowns ca rr ied  out u sin g  pure copper e le c tr o d e s*  R o ta tin g  

m irror photographs o f  th e  d isch a rg e  showed a luminous sp o t a t
*7the anode la s t in g  1 to  4 x  1 0 - se c o n d s , and a luminous sp o t a t  

the cathode s ta r t in g  s l i g h t ly  la t e r  (1 to  2 x  1 0 - s e c .  ) than a t  

the anode and co n tin u in g  throughout the d isc h a r g e . The anode 

d id  not remain luminous u n less  th e current was very la r g e .  The

breakdown had two sta ges -  the f i r s t  was a pure e le c tr o n
— V

d isch arge  la s t in g  l e s s  than 5 x  10 - second which was fo llo w ed  

by a lo v /-v o lta g e ,co p p er  vapour a r c .  The cu r r e n t-v o lta g e  

c h a r a c te r is t ic  o f  the h igh  v o lta g e  s ta g e  fo llo w ed  the w e ll  known 

law  fo r  a u to -e le c tr o n ic  em iss io n . For th e two gaps in v e s t ig a te d  

the areas o f  em ission  were c a lc u la te d  to  be approxim ately  

3 X 10“^cm^nd 1 x  10“^m and confirm ed by m icrophotograph.

I t  was shown th a t  in  each  case  the anode sp o t  a t  the time o f
o

breakdown reached a tem perature o f approxim ately  2600 C.

Current d e n s it ie s  ranged from 10^ amp./cm^ a t  5 x lQ "^sec.
3 , %

a f t e r  breakdown to  8 x 10) amp ./cm . a t  which va lu e the arc  

e x t in g u ish e d .

A fu rth er  paper by Bennett^ in  1932 ( 2 1 ) ,  d escr ib ed  breakdown 

and co ld  em ission  exp erim en ts. He concluded as a r e s u l t  o f /
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o f th is  in v e s t ig a t io n ,  which used a m agnetic f i e l d  to  d e f l e c t  

e le c tr o n s  away from the anode reg io n  o p p o site  the p o in t  ca th od e, 

th a t th e breakdown during co ld  em issio n  was due to  a stream  o f  

p o s i t iv e  ion s w ith  h igh  v e lo c i ly #  These were produced by an 

i n i t i a l l y  sm all e le c tr o n  cu rren t s t r ik in g  the anode#

In the same y ea r  (1932) Beams ( 2 2 ) ,  d escr ib ed  h igh  vacuum 

d isch a rg e  experim ents in v o lv in g  a v ery  h igh  anode f i e l d  and a 

very  low cathode f i e l d .  From th e  v o lta g e  a t  which the d isch arge  

occurred  he deduced th a t the breakdown phenomenon was i n i t ia t e d  

by p o s i t iv e  ion s from the anode, and su g g ested  th a t the source  

o f  the p o s it iv e  io n s  was a lk a l i  ion s adsorbed on the tu n gsten  

s u r fa c e .

G o sslin g  ( 2 3 ) ,  d escr ib ed  in v e s t ig a t io n s  on h igh  vacuum 

breakdown as i t  a f f e c t e d  h i ^  power tra n sm ittin g  v a lv e s .  He 

used an o s c i l la t o r y  c i r c u i t  as h is  h igh  v o lta g e  supply and 

t e s t e d  a c tu a l v a lv e s .  During the i n i t i a l  s ta g e s  the d isch arge  

had a h ig h  b u t p r o g r e s s iv e ly  d ecrea s in g  r e s is t a n c e ,  and a c e r ta in  

amount o f  energy had to  be a v a ila b le  in  the supply condenser 

b efo re  breakdown could be com pleted . When the breakdown was 

a r t i f i c i a l l y  encouraged by a p i l o t  d isch arge  across lo o s e  

c o n ta c t s ,  i t  was found th a t  the i n i t i a l  expend iture o f  energy  

was no lon ger  requ ired  and the " f la sh in g  vo ltage"  could  be very  

low . I t  was observed th a t  f i e l d  em ission  up to  a few hundred 

microamperes had l i t t l e ,  i f  an y , e f f e c t  on the breakdown. The

i n i t i a l  tr a n s it io n  s ta g e  o f  the d isch a rg e  la s te d  fo r  2 x  10" s e c .
—7

to  4 X 10 s e c .  which i s  in  good agreem ent w ith  Snoddy*s (20)
—7fig u r e  o f  5 X 10*" s e c .
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The time o f  f l i g h t  o f  p o s i t iv e  io n s for the system  was about 
-7

10 secon d .

A va lve  would sometimes break down a few m inutes a f t e r  the

a p p lic a t io n  o f  the v o lta g e , and such time la g s  were s e n s i t iv e

to  v o lta g e .  A th ree  per cen t in crea se  o f  p o te n t ia l  d ecreased

the tim e la g  approxim ately  in  the r a t io  10 to  1 . The f i e l d

em ission  cu rren t p e r s is te d  i f  a s e r ie s  r e s is ta n c e  o f  about one

megohm was connected  c lo s e  to  the tu b e , whereas the ’ f la s h  a r c ’

was e ith e r  suppressed  e n t ir e ly  or co n sid era b ly  reduced .

Goss l in g  su ggested  th a t  the d isch a rg e  m ight be due to  la r g e

f i e l d  em ission  cu rren ts from p o in ts  produced by some form o f

su r fa c e  rupture under the in f lu e n c e  o f  th e a p p lied  f i e l d s .  This

th eory  i s  a t t r a c t iv e  s in c e  such  y ie ld in g  r e q i ir e s  t im e ,(2 4 , 2 5 .)

I t  was a ls o  su ggested  th a t  i f  a f i e l d  em ission  cu rren t above

a c r i t i c a l  va lue gave r i s e  to  a breakdown, and the cu rren t was

req u ired  to  e x i s t  for on ly  a very sh o r t t im e , an ex p la n a tio n

m ight be found on the b a s is  o f  th e Schrot e f f e c t  (2 6 , 2 7 ) .

This e f f e c t ,  sometimes known as th e Schottky e f f e c t ,  i s  a rap id

f lu c tu a t io n  in  f i e l d  em ission  cu rren t exp erien ced  in  v a lv e s .

In 1933, Van A tt a , Van de Graaf and Barton (2 8 ) ,  su gg ested

th a t the breakdown w ith in  th e ir  h igh  v o lta g e  d isch arge tu b e,

which operated  a t  3Q0KV, was due to  io n is a t io n  a t  the e le c tr o d e

su rfa ces  caused by the im pacts o f io n s ,  e le c t r o n s ,  and p h oton s.

They proposed th a t  i f
1 e le c tr o n  on the anode produces A. p o s i t iv e  io n s ,

1 e le c tr o n  on the anode produces C. p h oton s,

1 p o s i t iv e  ion  on the cathode produces B. e le c tr o n s ,

1 photon on th e cathode produces D. e le c t r o n s .
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then th ere  i s  breakdovm i f  AB + CD ^ 1 . I t  was su g g ested  th a t  

breakdown by such mechanisms cou ld  be e lim in a ted  by screen in g  

the e le c tr o d e s  w ith  g r id s  a t  such a p o te n t ia l  as to  trap  the  

secondary e le c tr o n s  and i o n s .

In a l e t t e r  to  the P h y s ic a l R eview , Mebs (29) d escr ib ed  

some breakdown s tu d ie s  to  determ ine the e f f e c t  o f s e r ie s  

r e s is t a n c e .  He used extrem ely  f in e  ou tgassed  p o in ts  o f

tu n gsten  for  h is  ca th od e, and found th a t when a s e r ie s  r e s i s t -
9

ance o f  1 .8  x  10-o-v/as u se d , a ty p ic a l  breakdown occu rred , b ut

no rupture o f  the p o in t cou ld  be found afterw ards u sin g  a
6

m icroscop e. T/hen 2 x  10.a.was u sed , rupture o f  the p o in t  

occurred a t  the same va lu e o f  cu rr en t, and th e deform ation  o f  

the cathode was e a s i ly  se e n . E m ission could n o t be produced

from copper cathodes v/ithout sev ere  rupture when a r e s is ta n c e
6 9o f  IG ohms was u sed , but when a r e s is ta n c e  o f 10) ohms was u sed

no rupture could  be found. "Hence i t  i s  proven th a t breakdown

due to  d isr u p tio n  o f  the cathode su r fa ce  i s  not produced by

the e l e c t r i c  s t r e s s e s  due to  th e f i e l d ,  but in s te a d  i s  a

fu n ctio n  o f  the current."

In 1934, Beams (30) d escr ib ed  experim ents on the im pulse

breakdown betw een a s p h e r ic a l  s t e e l  anode and a mercury p lane

cath od e. The f i e l d  a t  the cathode when breakdown occurred

v a r ied  between 65ICV/mm. and 180KV/mm., depending on the p u r ity

o f  the mercury p o o l. In a l l  cases the va lu e o f the f i e l d  for

the d isch arge was c r i t i c a l  ( i . e .  a few per cen t change in  f i e l d

caused a change from no d isch arge  to  v io le n t  d isc h a r g e ) .

A r o ta t in g  m irror photograph a t  breakdown showed lu m in o sity
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—7
s t a r t in g  a t  the anode and reach in g  th e cathode 2 x  10 seconds

l a t e r .  He found th a t  a llo w in g  dry n itro g en  or hydrogen, a t

about 10mm. o f  mercury p r e ssu r e , to  come in  co n ta c t w ith  the

mercury cathode fo r  a few m inutes had no a p p rec ia b le  e f f e c t  on

the d isch arge  p o t e n t ia l .  Water vapour or im p u r itie s  such  as

g rea se  vapours lowered the d isch arge p o te n t ia l  m arkedly. He

estim a ted  th a t the current d e n s ity  to  s t a r t  the d isch arge  was

about one ampere per square ce n tim etre .

In th e same year Chambers (3 1 ) ,  d escr ib ed  breakdowns betw een

c o n c e n tr ic  c y l in d e r s .  The tu n gsten  w ire cathode was w e ll

co n d itio n ed  by h e a t trea tm en t, and cu rren ts as sm all as 10"^^

amperes could be record ed . Current f i r s t  flow ed a t  a p p r o x i-  
-4

m ate ly  10 am peres- th a t  i s ,  breakdown occurred b efo re  m easure- 

a b le  f i e l d  em ission  cu rren t was ob ta in ed . Four d i f f e r e n t  w ire  

cathodes were used in  th e experim ents -  two o f  0.5mm. d iam eter  

and two o f  1.6mm. d iam eter . The breakdowns a f t e r  h ea t treatm ent 

a l l  occurred w ith in  IQfÇ o f  the average v o lta g e s  s ta te d  fo r  th e  

d i f f e r e n t  w ir e s , and a l s o  fo r  d i f f e r e n t  o ccasion s w ith  the same 

w ir e .

The average va lu es w ere ,

0.5mra. d iam eter w ire -  11 ,000  volts(260IC\^mm.at the w ire
su r fa ce )

1.6mm. " " -  2 3 ,0 0 0  v o l t s (210KV/mmi a t  the w ire
su r fa ce )

I t  was not known whether rupture a t  breakdown was caused by 

e l e c t r o s t a t i c  fo rces  a t  the su r fa ce  o f  the w ire or by bombard

ment o f the cathode by p o s i t iv e  io n s . These ion s m ight be 

produced by the io n is a t io n  o f  the r e s id u a l gas in  th e space
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between the e le c t r o d e s ,  or by e le c tr o n s  s t r ik in g  th e anode#

In e i th e r  c a s e , the e le c tr o n s  would have to  o r ig in a te  a s  co ld

em ission  from the cathod e. I f  th e f i e l d  n ecessa ry  fo r  th is

co ld  em ission  was obtained  by means o f  sm all p r o je c t io n s  on the

su rfa ce  o f the w ire , then a la y e r  o f  vapour adsorbed on the w ire

su r fa ce  would tend to  smooth over th ese  p r o je c t io n s , and make

the p o te n t ia l  n ecessa ry  fo r  the breakdowns very  much la r g e r .

C onsequently, mercury vapour was a llow ed  to  en ter  the tube by

removing the l iq u id  a i r  from the co ld  tr a p . A fte r  the trap

had a tta in e d  room tem perature the l iq u id  a ir  was r e p la c e d , and

the system  l e f t  to  stan d  u n t i l  the p ressu re  was a g a in  down to  
—710 mm. o f m ercury. The 0.5mm. w ire was used  and breakdown 

occurred a t  1 0 ,2 0 0  v o l t s ,  which i s  in  th e range o f  the breakdown 

v o lta g e  a tta in e d  w ith  c lea n  w ir e s . Chambers th e r e fo r e  assumed 

th a t  the su rfa ce  was a lrea d y  smooth and the measured f i e l d  was 

very n ea r ly  the true f ie ld *  S in ce  the su r fa ce  was sm ooth, then  

the f a c t  th a t the breakdown occurred in  the neighbourhood o f  one 

p a r t ic u la r  p o in t was ex p la in ed  by the co n cen tra tio n  o f  the  

o r ig in  o f  the p o s i t iv e  io n s .  He thought i t  e a s ie r  to  con ce ive  

o f the anode g iv in g  o f f  ion s from one p r e fe r e n t ia l  area than  

r e s id u a l gas io n is in g  in  one p r e fe r e n t ia l  volum e, and th e r e fo r e  

concluded th a t th e  p o s it iv e  ion s were produced a t  the anode by 

e le c tr o n  im pact. I f  th e breakdown had been caused by e l e c t r o 

s t a t i c  fo rces  i t  would have occurred a t  a much lower v o lta g e  

w ith  mercury on the w ire than when c le a n .

There was no breakdown a t  2 5 ,000  v o lt s  w ith  the 0.5mm.wire 

(a cathode f i e l d  o f  600KV/mm.) when a r e s is ta n c e  o f  8 x  10“ ohms
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was p ut in  s e r ie s  w ith  the e le c tr o d e  system . The r e s is ta n c e

was then  s u c c e s s iv e ly  reduced by fa c to r s  o f  th r e e , and on each

o cca sio n  th e v o lta g e  taken up to  25,OCK> v o l t s  w ith ou t breakdown.
9

F in a l ly ,  when th e r e s is ta n c e  was reduced to  3 x  10 ohms, the  

breakdown occurred a t  11 ,500  v o l t s  (a cathode f i e l d  o f  270ICV/rara.).

Ohe l im i t s  between which the breakdown began to  occur were
9 92 .5  X 10 ohms and 7 x  10 ohms.

Further ev id en ce th a t  the io n s cau sin g  th e breakdown come 

from the anode was g iven  by. th e  fo llo w in g  exp erim en t. By means 

o f an in d u ctio n  furnace the c y lin d e r  was h eated  b r ig h t  red fo r  

1 h our. No breakdown occurred when the v o lta g e  was then  r a ise d  

to  25 ,000  v o l t s  (O.Srara. w ir e ) . A fter  s e v e r a l hours the break

down occurred a t  11 ,000  v o l t s .  Langmuir had shown th a t  a

su r fa ce  la y e r  o f  adsorbed gas forms on a c lean  tu n g sten  su r fa ce  

in  about 1 hour a t  lo"^mm. o f  mercury. From th is  i t  appeared  

th a t  the presence o f  adsorbed gas on th e anode i s  n ecessa ry  

b efo re  breakdown can occu r.

The fo llo w in g  mechanism was su g g ested  to  ex p la in  the break

down phenomenon. The h ea tin g  o f  the w ire smooths the w ire to  

such an e x te n t  th a t  m easurable cu rren ts due to  co ld  em ission  do 

n o t f lo w . However, e le c tr o n  cu rren ts below  the l im it s  o f  the  

m easuring apparatus do f lo w . A c e r ta in  number o f  p o s i t iv e  ion s  

are formed fo r  each e le c tr o n  s t r ik in g  the anode. The p o s it iv e  

io n s so  formed are a c c e le r a te d  through the p o te n t ia l  d if fe r e n c e  

and bombard the cath od e. When the p o te n t ia l  and the number o f  

io n s  are  b o th  la r g e  enough a rupture o f  th e  cathode o c c u r s .

S in ce  th e b in d in g  o f  th e atoms o f  the adsorbed gas i s  much l e s s
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than the b in d in g  o f  th e atoms o f  the anode i t s e l f ,  i t  seemed

n a tu ra l to  assume th a t th e io n is a t io n  c o e f f i c i e n t  i s  la rg er

when an adsorbed la y er  i s  p resen t than when the m etal i s  c le a n .

Such a view  exp la in ed  the in crea sed  ease  o f  rupture in  th e  case

o f  an adsorbed f ilm  o f g a s .

In 1935, Anderson (32) d escr ib ed  experim ents on the breakdovm

between sphere and d is c  e le c tr o d e s  a t  a p ressu re o f  approxim ately  
-510 mm. o f  m ercury. He found th a t the most e f f e c t iv e  means o f  

co n d itio n in g  was to  run a d isch arge in  hydrogen between th e two 

e le c tr o d e s  a t  a cu rren t d e n s ity  o f about 0 .2 5  amp ./cm .^  for  

th ree m in u tes . The v o lta g e  source was an e l e c t r o s t a t ic  generator  

but i t  was found th a t sparking w ith  a more pow erful source gave 

s im ila r  breakdown v o lta g e s  which w ere, however, accompanied by 

se r io u s  su rfa ce  roughening. R esu lts  were u su a lly  rep rod u cib le  

to  v /ith in  a few per c e n t , but the lov/er p o rtio n  o f  the B .D . -gap  

curve would be found to  have s h if t e d  somewhat as a consequence 

o f the e le c tr o d e  treatm ent rep resen ted  by the h igh er v o lta g e  

sp a r k -o v e r s . He found th a t a lth ou gh  the curve o f  breakdown 

v o lta g e  to  gap v/as approxim ately  l in e a r  over the i n i t i a l  reg ion  

below  one m ill im e tr e , th ere  was a very d e f in i t e  f la t t e n in g  above 

t h is  sp acin g  which he c a l le d  the "Total V oltage E ffec t"  and 

a ttr ib u te d  to  p o s it iv e  ion s (see  graph 1 ) .

He found th a t a formula

 ̂ KV (d in  cm. )
0 .7 7  + d

h e ld  approxim ately  fo r  the breakdown v o lta g e  and h is  f ig u r e s  fo r  

1mm. gaps for  variou s m a te r ia ls  were -
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M ateria l Breakdown Voltapiie (KV) fo r  1mm>

S t e e l  122

S ta in le s s  S t e e l  120

N ick e l 96

Monel 60

Aluminium 41

Copper 37

I f  a s t e e l  cathode and a copper anode were u sed , and a 

v o lta g e  near th e breakdown va lu e a p p lie d , tra ces  o f  copper 

would be found on the ca th od e, and th e gap th e r e a f te r  e x h ib ite d  

the c h a r a c t e r is t ic s  o f a copper gap.

Anderson con sid ered  th a t  th is  showed th a t  p o s i t iv e  ion s  

cro ssed  the gap and the im portance o f  the anode m a te r ia l . To 

determ ine what p rop ortion  o f the t o t a l  conduction  was a t t r ib u t 

a b le  to  p o s i t iv e  io n s ,  Anderson used  two s p h e r ic a l e le c tr o d e s  -  

one h o llow  and th erm ally  in s u la te d ,  and the o th er s o l id  and in  

good therm al c o n ta c t w ith  a heavy m etal m ass. The r a te  o f  r i s e  

o f tem perature o f  the h o llow  s h e l l  as anode was s e v e r a l hundred 

tim es th a t  as ca th od e, in d ic a t in g  th a t  on ly  a sm all fr a c t io n  o f  

the t o t a l  conduction  was d ir e c t ly  due to  the p o s it iv e  i o n s .

Q,uarles p u b lish ed  a paper (3 3 ) ,  in  1935, on the f i e l d  em ission  

from l iq u id  mercury. He d escr ib ed  im pulse breakdown t e s t s  up 

to  85KV between a s p h e r ic a l  molybdenum anode and a mercury 

cathode -  the p u r ity  o f  the mercury could  be v a r ied  by rep eated  

d i s t i l l a t i o n .  The work fu n ctio n  a t  each mercury su rfa ce  

c o n d it io n  was measured d i r e c t ly ,  and a graph o f breakdown f i e l d
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to  work fu n ctio n  was found to  be l in e a r  w ith  a s l i g h t  s c a tte r *

In a paper (34) in  1936, Aheam  d escr ib ed  experim ents u sin g  

a c o a x ia l  system  which gave h igh  f i e l d s  w ith  com paratively  low  

v o lta g e s  (<3Q)KV). He found th a t  the degree o f  th o r ia t io n  

and tem perature o f  the cathode had no ap p rec ia b le  e f f e c t  on the  

breakdown v o l ta g e . To determ ine i f  th e  breakdown could  be 

induced by the f i e l d  a lo n e , the v o lta g e  was a p p lied  v /ith  the  

f ila m e n t as anode, and no breakdown was ob ta ined  a t  cathode 

f i e l d s  g r e a te r  than normal* This seemed to  show th a t the  

em issio n  o f  cu rren t v/as an im portant fea tu re*  Aheam  found

th a t  breakdown could  be su pp ressed  by having a h igh  r e s is ta n c e
5

in  s e r ie s  w ith  the anode -  breakdown occurred w ith  1*0 x 10 ohms 

in  ser ie  s b u t n o t w ith  1*0 x  10^ ohms* One s e c t io n  o f th e  

anode was sh ie ld e d  and the o th er p art ’cond itioned* by break

downs. The s h ie ld in g  m s  then r e v e r se d , and i t  was found th a t  

the breakdown v o lta g e  was a c tu a l ly  g r e a te r  fo r  the p rev io u sly  

s h ie ld e d  s e c t io n ,  which seemed to  ru le  out the anode as a 

d eterm in in g  fa c to r .  By u sin g  a movable co n ce n tr ic  g la s s  

c y lin d e r  i t  was found th a t  exposed g la s s  had a con sid era b le  

b ea r in g  on the breakdown vo lta g e*  At breakdown the current
mJPt —3would in c r e a se  from l e s s  than 10:"  ̂ amperes to  g rea ter  than 10 

amperes and the cathode breakdown g ra d ien t would be from lOOKV/ram 

-  SOOKV/mm* Aheam s ta te d  th a t  th e ev id en ce from th ese  

experim ents in d ic a te d  th a t the breakdown i s  determ ined p rim arily  

by c o n d it io n s  a t  the ca th od e, and su g g ested  th a t the experim ents 

o f B en n ett which showed an anode e f f e c t  were confused due to  

exposed g la s s*  He then proposed the fo llo w in g  mechanism for
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breakdovm. P r io r  to  breakdown, f i e l d  cu rren ts flow  from a few 

o f the s u r fb.ce p r o je c tio n s  where the lo c a l  f i e l d  and the  

m echanical fo rce  are g r e a t e s t .  There w i l l  be lo c a l  r e s i s t i v e  

h ea tin g  which w i l l  depend upon the s i z e  and geometry o f  th ese  

p r o je c t io n s  and th e ir  therm al c o n ta c t  w ith  the body o f  the  

cath od e. As the f i e l d  i s  in c r e a s e d , a rupture occurs a t  th a t  

p r o je c t io n  where co n d itio n s  o f  m echanical f o r c e , r e s i s t i v e  

h ea tin g  and t e n s i l e  s tr e n g th  are m ost fa v o u ra b le . When the  

rupture o ccu rs , a la rg e  breakdown cu rren t flov/s due to  the g r e a t

ly  enhanced lo c a l  f i e l d  s tr e n g th , and su b seq u en tly  a t  lower 

m acroscopic g ra d ien ts  much la r g e r  f i e l d  currents are o b ta in ed .

Moore (3 5 ) ,  in  1936, d escr ib ed  im pulse breakdown s tu d ie s  

u sin g  a s p h e r ic a l anode and a mercury cathod e. He obtained  

cathode breakdown g ra d ien t -  work fu n ctio n  curves s im ila r  to  

th o se  o f Q,uarles (3 3 ) ,  ( i . e .  l in e a r  and w ith  the same s lo p e )  and 

extended them to  h igher cathode f i e l d  s tre n g th s  (60KV/mm.).

I t  was found th a t  the breakdown p o te n t ia ls  were c o n s is te n t ly  

h igh er (about 4 or 5^ on average) i f  the wave fr o n t o f  the  

im pulse was made s t e e p e r , and i t  i s  m entioned th a t Snoddy in  

some umpubliahed work found a s im ila r  in c r e a se  fo r  s o l id  cathodes  

This was accounted fo r  by the f i n i t e  tim e n ecessa ry  to  i n i t i a t e  

a vacuum d isc h a r g e . The im pulse wave fronts were o f  the order 

IB "^second.

Mason (3 6 ) ,  in  1937, d escr ib ed  vacuum breakdown experim ents  

a t  up to  50:KV between a copper d i s c  anode and a tu n gsten  

f ila m en t cathode in  th e form o f a s e m ic ir c le ,  the p lane o f  which  

was p erp en d icu lar to  the copper d i s c .  He found th a t breakdown
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took p la ce  a t  approxim ately  the same va lu e o f  cathode g ra d ien t  

(eoKV/mm.) fo r  d i f f e r e n t  sp acin gs and w ith  d i f f e r e n t  therm ionic  

em ission  c u r r e n ts . He con sid ered  th a t i f  p o s i t iv e  ion s were 

o f  im portance in  the breakdown p r o c e s s , a mechanism such a s y S ^ j  

would h old  a t  breakdown where

y  i s  the number o f  p o s i t iv e  ion s produced per e le c tr o n  

s t r ik in g  the anode,

S i s  the number o f  e le c tr o n s  produced per p o s i t iv e  ion  

s t r ik in g  the cathod e.

Mason con sid ered  th a t i f  such a r e la t io n s h ip  was v a l id ,  an 

in c r e a se  in  the th erm ionic em ission  should  d ecrease  the break

down v o lta g e . He s ta te d  th a t  as th is  was not s o ,  p o s i t iv e  io n s  

d id  n ot p la y  a p art in  the breakdown p r o c e s s . The experim ents  

do n o t ,  however, seem to  j u s t i f y  such a c o n c lu s iv e  sta tem en t. 

Vacuum breakdown i s  a very lo c a l  phenomenon and a r e la t io n s h ip  

such a s y i ^ l i s  req u ired  on ly  to  h o ld  l o c a l l y .  In crea sin g  the 

e le c tr o n  y i e ld  from the cathode g e n e r a lly  by theim iionic em ission  

m ight q u ite  con ce ivab ly  bave l i t t l e  e f f e c t  l o c a l l y ,  and the  

in c r e a se  in  tem perature m ight even smooth a lo c a l  p r o je c t io n  or 

d r iv e  o f f  an im p u rity , so  g iv in g  a h i ^ e r  breakdown v o lta g e .

I t  i s  o f  in t e r e s t  to  n o te  th a t Mason d id  a c t u a l ly  f in d  a s l i g h t 

ly  h igher breakdown v o lta g e  w ith  the cathode h o t . Some im pulse 

breakdown experim ents on aluminium e le c tr o d e s  w ith  a wave which 

rose  to  a 60KV c r e s t  in  1 .5  m icro seconds gave much h igher  

breakdown f ig u r e s  than w ith  d ir e c t  v o lta g e .  I t  was su ggested  

th a t th is  was due to the tim e la g  caused by the f i n i t e  time 

req u ired  fo r  the passage o f  vapour across  the gap.
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In 1944, J in  I m c h l (3 7 ) ,  d escr ib ed  experim ents which showed 

th a t breakdown was more a f f e c t e d  by the m a ter ia l o f  th e  anode 

than th a t  o f  the cathode. Any conducting or nonconducting  

p r o je c t io n  on the su rfa ce  o f  the e le c tr o d e s ,  p a r t ic u la r ly  on the  

anode, caused breakdown a t  a low er v o lta g e . The breakdown 

v o lta g e  was low ered when io n s ,  but n o t e le c t r o n s ,  were made to  

en ter  the gap from o u ts id e . Hence he deduced th a t th e  vacuum 

breakdown was m ainly due to  p o s i t iv e  ion s produced a t  th e  anode 

by e le c tr o n  im pact.

Hashiraoto (38) p u b lish ed  a paper in  1947 g iv in g  r e s u l t s  

ob ta in ed  w ith  a p o in t to  p lane e le c tr o d e  system  which was te s t e d  

w ith  im pulse v o lta g e s  up to  lOOKV, and a t  a p ressu re  o f  lo"^rnm. 

o f m ercury. The breakdown v o lta g e s  ob ta ined  were approxim ately  

the same whether the e le c tr o d e s  were n ic k e l  p o in t  and n ic k e l  

p la te  or molybdenum p o in t  and brass p la t e .  A much low er break

down v o lta g e  was obtained  w ith  th e p o in t  n e g a tiv e  than w ith  i t  

p o s i t iv e .  The geom etry o f  the p o in t  i s  not g iv e n . The d i s 

charge v o lta g e  appeared to  depend on the c h a r a c te r is t ic s  o f  the  

n e g a tiv e  e le c tr o d e . Hashimoto su g g ested  th a t breakdown was 

caused by bombardment o f  the anode by f i e l d  em ission  e le c tr o n s  

which m elt the m etal or io n is e  the gas m olecu les adsorbed on the  

su r fa c e . P ic tu re s  were g iv en  showing th e f ig u r e s  produced on 

the p la te  s u r fa c e , but they are ra th er  in t r ic a t e  and d i f f i c u l t  

to  a n a ly se .

One o f the major works on h ig h  vacuum breakdown is  th a t o f  

Trump and van de Graaf (39) in  1947. They d escr ib e  d ir e c t  

v o lta g e  breakdown s tu d ie s  between sphere and d is c  e le c tr o d e s  in



—2 1 —

h ig h  vacuum and a t  v o lta g e s  from 50 to  700 KV. These experim ents  

dem onstrated the inadequacy o f  the f i e l d  em ission  th eory  to  

account fo r  the h igher v o lta g e  breakdomi. Trump and van de 

Graaf con sid ered  the fa c t  w e ll e s ta b lis h e d  th a t v o lta g e  breakdown 

between e le c tr o d e s  in  h ig h  vacuum a t  h igh  g r a d ie n ts , but r e l a t 

iv e ly  low v o lta g e s  i s  i n i t ia t e d  by h igh  f i e l d  e m iss io n . This 

em ission  in crea se s  e x p o n e n tia lly  w ith  cathode g r a d ie n t , and 

r e s u lt s  in  lo c a l  tem perature in crea se s  and enhanced secondary  

e f f e c t s ,  which lea d  to  i n s t a b i l i t y .  They produced f ig u r e s  which  

showed q u ite  d e f in i t e ly  th a t th is  f i e l d  em ission  cou ld  n o t accou n t  

fo r  breakdown a t  h igher v o lta g e s ,  where the g ra d ien t i s  very much 

lo w er . T heir f ig u res  showed th a t the cathode g ra d ien t a t  b reak

down (w ith  v o lta g e s  h igh er than approxim ately  50 KV) d ecrea ses  

as v o lta g e  in crea se s*  This i s  shown on th e ir  curve o f  breakdown 

v o lta g e  and g ra d ien t to  gap sp acin g  (graph 2 ) .  They r e it e r a te d  

th e breakdown mechanism proposed by van At t a , van de Graaf and 

Barton In 1933. (Page 1C ). Trump and van de Graaf d escr ib ed  

experim ents to  measure c o e f f i c ie n t s  A and B under co n d itio n s  which  

were n o t ,  however, q u ite  as s tr in g e n t  as in  an a c tu a l gap .

A lthough the p a r t ic le  v e l o c i t i e s  were commensurate w ith  th e h igh  

vacuum gap c o n d it io n , the f i e l d  a t  the secondary em ittin g  su rfa ce  

was n o t . B earing th is  in  mind i t  appeared p o s s ib le  th a t such a 

mechanism could  p la y  a p a rt in  vacuum breakdown a t  the h igher  

v o lta g e s .  Experiments were b ein g  con sid ered  to  measure 

c o e f f i c i e n t  B under a c tu a l gap co n d itio n s  and a ls o  the photon  

p rocess mechanisms C and D.



In 1948, McKibben and Beauchamp ( 4 0 ) ,  d escr ib ed  experim ents  

connected w ith  a 12 Mev • a c c e le r a t o r  tube* They con sidered  

th a t  photons need not be con sid ered  in  any proposed breakdown 

mechanism s in c e  i t  was noted  th a t  sparks took  p lace  between a 

sm all sp o t  on the cathode and another on th e  anode. They 

mentioned th a t  Haynes (4 1 ) ,  had shown th a t  p a r t i a l l y  io n is e d  

vapour j e t s  came from a mercury e le c tr o d e  whether i t  was p o s i t i v e  

or n e g a t iv e ,  and th a t  the s ig n  o f  the ions was the same as the  

e le c t r o d e .  McKibben and Beauchamp proposed a mechanism o f  a 

s im i la r  nature to  th a t  o f  Van A tta  e t  a l  ( 2 8 ) ,  but exc lu d in g  the  

photon process  and in c lu d in g  a n e g a t iv e  io n  p r o c e s s .  I f  

1 e le c tr o n  on the anode produces A p o s i t i v e  io n s ,

1 p o s i t i v e  ion  on the cathode produces B e l e c t r o n s ,

1 p o s i t i v e  ion  on the cathode produces C n e g a t iv e  i o n s ,

1 n eg a t iv e  ion  on the anode produces D p o s i t i v e  i o n s ,

then breakdown occurs i f  AB+ CD—1 .

They observed th a t  j e t s  came from the anode and were d e p o s ited  

as f in e  d ro p le ts  fused  on to  the cathode, and i t  seemed l i k e l y  

t o  them th a t  fo r  sparking between most m etals  the AB mechanism 

was dominant. I t  had a l s o  been observed th a t  the presence o f  

alm ost any gas up to  a p p ro x iim te ly  50) per cen t o f  the p ressu re  

a t  which continuous d isch arge  took p la c e ,  in crea sed  the spark ing  

p o t e n t i a l .  They su g gested  th a t  the e le c tr o n s  might be s c a t t e r e d  

so  th a t  l o c a l  h ea tin g  o f  a s e n s i t i v e  area on the anode d id  n o t  

take p la ce  so  r e a d i ly  *

They mentioned the fa c t s  th a t  Rother ( 4 2 ) ,  who used w e l l  

outgassed  tantalum e le c t r o d e s ,  was a b le  to  observe f i e l d  em iss ion



currents up to  g ra d ien ts  o f  850KV/nim* and 62Ĉ KV/mm* for gaps o f  

•005mm# and •02mm. r e s p e c t i v e l y .  A ls o ,  Trump e t  a l  ( 3 9 ) ,  found

th a t the approximate breakdown g ra d ien ts  fo r  gaps o f  0»lram. and
r

70mm. were r e s p e c t iv e ly  30QKV/mm. and lOKV/mm. McKibben and 

Beauchamp found th a t  f ig u r e s  such as th ese  could  not be obtained  

w ith  p a r a l l e l  p lane e le c tr o d e s  which had n ot been e x t e n s iv e ly  

co n d it io n ed . With s t e e l  e le c tr o d e s  and a gap o f  9mm. the f i r s t  

spark occurred in  the range 60-100ICV. I f  the gap v o lta g e  was 

m aintained s u f f i c i e n t l y  h igh  fo r  o c c a s io n a l  sparks to  o ccu r , i t  

would be found th a t  a f t e r  a few hours the gap would w ith stan d  

(approxim ately  1 spark per hour) 110-16ÛICV. The f i r s t  sparks  

o f  the co n d it io n in g  p rocess  r e le a se d  gas from the e l e c t r o d e s ,  

b ut a s  the co n d it io n in g  continued the b u rsts  o f  gas were seen  to  

be sm a lle r .  I t  was then th a t  a spark was l i a b l e  to  damage the

s u r fa c e ,  and they  su ggested  th a t  the r e le a se d  gas s c a t t e r e d  the

e le c tr o n  beam, so  th a t  the spark d id  n o t become too con cen tra ted .

The spark freq u en tly  damaged the e le c tr o d e s  i f  the gap was 

l e s s  than about 0 .2 5  in ch . The g ra d ien t  and thus the f i e l d  

em ission  current were h igher a t  such sh o r t  g a p s , and i t  was a l s o  

su ggested  th a t  space charge and s c a t t e r in g  had l e s s  chance o f  

spreading the d isch arge  over an area la rg e  enough to  prevent  

damage.

Of th e  m a te r ia ls  t e s t e d ,  g o ld  had the lo w est  breakdown 

v o lta g e  and copper was a lm ost as bad. Tantalum and molybdenum 

d id  n ot seem to  be as good as s t e e l .  N ick e l and s t a i n l e s s  s t e e l

seemed to  be on a par with s t e e l ,  or perhaps s u p e r io r ,  and

magnesium e le c tr o d e s  were as hard to  c o n d it io n  as the others
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and were e a s i l y  damaged. Aluminium and durai had about the  

same breakdown v o lta g e  as s t e e l ,  and vreve unique in  th a t  they  

co n d ition ed  t o  th e ir  top v o lta g e  in  a few minutes when, however, 

they were e a s i l y  damaged by sp a rk s . This l i s t i n g  does n o t  

agree w ith  th a t  o f  Anderson for gaps o f  one m i l l im e tr e .  I t  

would seem from the breakdown f ig u r e s  g iven  th a t  the co n d it io n in g  

was incom plete -  th is  b e in g  p a r t i c u la r ly  e v id en t  a t  the sm aller  

gap spacings • The r e s u l t s  o f  McKibben and Beauchamp are g iven  

on graph 3 .

In 1951, G le ich auf d escr ib ed  experim ents on breakdown over 

in s u l a t o r s ,  and mentions th a t  for  copper e le c tr o d e s  and pyrex  

g la s s  the a r c - l ik e  d isch arge  e x t in g u ish e d  a t  a cu rren t o f  

approxim ately  1 ampere. No s t a b le  d isch arge  was ob served ,  

i f  the r e s is t a n c e  in  s e r ie s  w ith  the t e s t  sample was in crea sed  

to  keep the maximum current below one ampere. Apparently the 

d isch arge  takes p lace  w ith  a cu rren t o f  one ampere but l a s t s  

fo r  a sh o r t  time (ICH**̂  to  5 x  l o “^ seco n d ). In cre a s in g  the  

cap acitan ce  o f  the gap in c r e a se d  the time o f  d isc h a r g e ,  and 

in d ic a te d  th a t  the breakdown current was due to  the d isch a rg in g  

o f  the cap acitan ce  o f  the t e s t  sam ple. Copper e le c tr o d e s  were 

t e s t e d  w ithout the in s u la to r  a t  a gap o f  a few m i l l im e t r e s ,  and 

the e x t in g u ish in g  current was found to  be s im i la r  (0 .7  to 1 .5  ampj 

to  th a t  when an in su la to r  b rid ged  the gap .

In a l a t e r  paper ( 4 4 ) ,  G le ich au f mentioned th a t  i f  a th in  

lay er  o f  g la s s  was fused  to  the cathode o f  a vacuum gap, the 

breakdown v o lta g e  was lowered by about 25^, whereas a fu s in g  on 

the anode gave no change.



*46

FLAT ELECTRODES 

A -  ALUMINUM
(c o n d it io n e d•  -STAINLESS STEEL 

MOT)
B -COLD ROLLED STEEL 
V -FIELD EMISSION THRESHOLD 

(s l ig h t l y  DAMAOeU))
K - C  R STEEL COVERED WITH 

BAKED VINYLSEAL

i

G A P-IN C H E S

Etgnrt-ër: Breakdown voltages for various electrodes at about 1 spark per 5-minute interval.
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Heard and Lauer (4 5 ) ,  in  1952, d escr ib ed  a study o f  th e  tr a n s fe r

o f  anode m etal which occurs a t  a v o lta g e  below th a t  requ ired  fo r
64

spark ing . They used Cu . as a r a d io a c t iv e  tracer*  These 

experiments were w ith  regard to  th a t  p art o f  the breakdown

mechanism proposed by Trump and van de Graaf which in v o lv e d  the

tr a n s fe r  o f  ion s from the anode to  the ca thod e. P revious

experim ents (39 , 4 6 ) ,  had shown th a t  a p o s i t i v e  ion  cu rren t

flowed from the anode to  the cathode in  the presence o f  a h igh  

v o l ta g e ,  but there remained the p o s s i b i l i t y  th a t  th i s  was due to  

the io n is a t io n  o f  a f i lm  o f  gas on the anode s u r fa c e .  Heard 

and Lauer showed th a t  a c tu a l  anode m etal crossed  the gap , and 

the amount o f  m etal tr a n sfe rre d  in d ic a te d  th a t  i t  e i t h e r  cro ssed  

uncharged, or as a sm all aggregate  o f  atom s, a few o f  which were 

i o n i s e d .  There were in d ic a t io n s  th a t  sp acing  and g r a d ie n t ,  

ra th er  than the t o t a l  v o l t a g e ,  were the c o n tr o l l in g  fa c to r s  in  

the amount tr a n s fe r r e d .

The current between the e le c tr o d e s  was found to  be composed 

o f  a stead y  and randomly f lu c tu a t in g  component. This l a t t e r  

component was found to  be independent o f  p r e s su r e ,  b ut dependent 

on the t o t a l  gap v o lta g e  and the e le c tr o d e  sp a c in g .  These 

f lu c tu a t io n s  would u s u a l ly  d ecrease  w ith  time and c o u ld ,n o t  be 

used to  f o r e t e l l  breakdown. The gap current f lu c tu a t io n  w ith  

time was n o t understood . The e le c tr o d e s  used in  th ese  e x p e r i 

ments were n o t  ou tgassed .

In the same year (1952) Cranberg ( 4 7 ) ,  p resen ted  a paper in  

which he proposed th a t  h igh  vacuum breakdown i s  i n i t i a t e d  by a 

t r a v e r s a l  o f  the gap by a»clump» o f  m a te r ia l  which had been
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adhering lo o s e ly  to  an e le c t r o d e .*  He gave a summary o f  the  

l i t e r a t u r e  which supported th is  con clu sion  for uniform or near  

uniform , f i e l d  co n d it io n s  over a range o f  v o lta g e s  from 20 KV. 

to  7 MV. (graph 4 ) .  The proposed h yp oth es is  and supporting  data  

were as f o l lo w s .  L oosely  adhering m a te r ia l  (termed a » clump » 

by Cranberg) can be detached from an e le c tr o d e  by e l e c t r o s t a t i c  

r e p u ls io n . The i n i t i a t i o n  o f  breakdown i s  due to  th i s  ' clump » 

cr o ss in g  the gap and s t r ik in g  the other e le c t r o d e ,  where, i t  can 

be shown, l o c a l  temperatures are produced which are  in  ex c e ss  o f  

any known b o i l in g  p o in t s .  I t  was assumed th a t  production  o f  

such a c o n d it io n  would lea d  very q u ick ly  to  the development o f  

the f u l l  breakdown, but d e t a i l s  o f  subsequent events were n o t  

g iven  in  the paper .

Assume breakdown w i l l  occur when the energy W per u n it  area  

d e l iv e r e d  to  the ta r g e t  e le c tr o d e  exceeds a va lu e  0 » , a co n sta n t  

c h a r a c t e r i s t i c  o f  a g iven  p a ir  o f  e l e c t r o d e s .  This q u a n tity  

W i s  the product o f  the gap v o lta g e  V and the charge d e n s ity  on 

the clump. The l a t t e r  is  p ro p o rtio n a l to  the f i e l d  s tr e n g th  

E a t  the e le c tr o d e  o f  o r ig in ,  so  th a t  the breakdown c r i t e r io n  

becomes sim ply

VE ^  G,

where G i s  a product o f  G », some numeral f a c t o r s ,  and p o s s ib ly  

a f i e l d  in t e n s i f y in g  fa c to r  due to  m icroscop ic  f i e l d  inhomo-  

g e n i t i e s  in  the neighbourhood o f  the clump during detachment 

from i t s  parent e le c t r o d e .

For a uniform f i e l d  gap, E = g and the v o lta g e  which the gap 

can s u s ta in  i s  p ro p o rtio n a l to  the square ro o t  o f  the gap le n g th
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for a g iven  p a ir  o f  e l e c t r o d e s .  That i s ,  V ^ (C d .)  i s  the

breakdown c r i t e r io n .

Cranberg»s summary o f  p e r t in e n t  ev idence from the l i t e r a t u r e

is  g iv en  in  the form of a double lo g  p lo t  on graph 4 . The

curves are seen to be good s t r a ig h t  l i n e s ,  in  g en era l w ith  s lo p e
2

one h a l f ,  and t y p ic a l  va lues for C are about 3MV per f o o t .

This q u an tity  C s u f f i c e s  as a f ig u r e  fo r  the vacuum in s u la t in g  

p ro p er t ie s  o f the gap, and provides a b a s is  for comparison o f  

data under d i f f e r e n t  co n d it io n s  o f  gap and v o l ta g e .

Cranberg considered  th a t  in the case o f  non-uniform f i e l d  

geom etry, the r e le v a n t  data ( ta b le  1) was n ot s u f f i c i e n t  for  

d e f i n i t e  con clu sion s  to  be drawn. The f ig u r e s  seemed c o n s is t e n t  

eq u a lly  w ith  in te r p r e ta t io n  in  terms o f  cathode g r a d ie n t ,  or in  

terms o f  v o l t a g e - f i e l d  product. The values o f  C were in  the  

same range as those for uniform f i e l d  c o n d i t io n s ,  which seemed 

to  in d ic a te  th a t  i t  i s  the product o f  the t o t a l  v o lta g e  and 

cathode grad ien t which co n tro ls  the beginning  o f  the d isc h a r g e .  

Other q u a l i t a t iv e  measurements in d ic a te d  th a t  breakdown w ith  a 

high g ra d ien t  a t  the anode i s  o f  the same order as w ith  a h igh  

g ra d ien t  a t  the cathode, other th ings being  eq u a l. Cranberg 

suc^gested th at the cathode g ra d ien t determ ines the breakdov/n 

v o lta g e  u n less  the g ra d ien t  a t  the anode i s  con sid erab ly  g rea ter  

than th a t  a t  the cathode. I t  was s ta te d  th a t c e r ta in  q u a l i t a t 

iv e  a sp e c ts  appeared to  support t h i s  h y p o t h e s is .
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Plot of d a ta  from the lite ra tu re  of breakdow n voltage vs d istance from highest to  lowest po ten tia l electrode, 
for uniform  held and near uniform  held geom etry. N um bers on curves indicate sources as listed below.

(1) Trump mnd Van de Graaff, (see reference 8) 1-inch sphere steel anode. 2-inch steel disk, outgassed with glow discharge.
(2) Wm. Parkins, "Vacuum Sparking Potentials under Surge Conditions." MDDC 858. 18 February. 1946. Voltage applied in pulses of 3 X 10 ' sec 

rise time, (a) Tungsten hemispheres 2 inch diameter, out gassed by spark discharge, (b) Copper hemispheres 2 inch diameter, out gassed by spark 
discharge.

(3) J. L. McKibben and R. K Beauchamp, "Insulation Flashover Tests in Vacuum and Pressure," AECO 2039. (a) Flat aluminum, (b) Flat cold rolled 
steel (c) Van de Graaff test section 4) inches long, aluminum rings sandwiched between Mykroy rings, steel anode plate, negative end open to vacuum 
ystem  in simulation of operation as beam tube, results on three test sections.

(4) Gleichauf (see reference 12). (a) Kovar cathode. 18-8 st. steel anode, flat with rounded ends, (b) Copper, flat, with rounded ends (hole in center of 
anode).

C5) R. J. rVeraoi, British .Assoc. Advancement of Science. Report 359 (1914). Molybdenum spheres alter beating to 1400*C.
(6) J. L. Hayden, Am. Inst. Elec. Engrs. J. 41, 852 (1922). (a) Molybdenum spheres 1 cm diameter out gassed to red heat, polished, (b) Molybdenum 

spheres 1 cm diameter.
(7) Los Alamos big Van de Graaff, polished aluminum electrodes.
(8) Robinson </ si., Phys. Rev. (to be published).
(9i I. G. Trump (private communication on performance of new 12 Mev Van de Graaff machine, polished aluminum electrodes.

(10) Los Alamos small Van de Graaff machine (not limited by tube sparking), steel electrodes.
(11) Wisconsin Van de Graaff machine (not limited by tube sparking), steel electrodes.
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v o lt s  ft v o l t s ' / f t
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W ire heated  to 
28(X)“K for 30 min. 
C ylinder heated to 
dull red heat 
for 5 min.

0.011=kl0% 

0.023d: 10%
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60

0.86

1.30

A. J. .\hearn , 
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0.017
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1.0
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R. C. M ason,
Phys. Rev. 52, 126 
(1937)
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circle

E very th ing  baked 
out to  500 C

0.035 18 0.63

K. Ha&himotu, 
reference 15
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Plane /  
Nickel] 
Point /

N ickel point 

Nickel plane

C onditioned by 
sparking Q‘| j ^ | f o r  I mm separation

7a h h  1 (7ef. L 7)
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The co n d it io n in g  p r o c e s s ,  which recjaires the gap to  he niaintained  

a t  a h igh  v o lta g e  w ith ,  or w ith o u t ,  sp ark in g , can he exp la in ed  

hy con sid er in g  th a t  the m ost lo o s e ly  adhering m t e r i a l  i s  

detached from i t s  parent e le c t r o d e ,  a c c e le r a te d  across  the gap, 

and firm ly  embedded on the o p p o s ite  e le c t r o d e .  The fa c t  th a t  

the gap may breakdown a f t e r  w ith stan d in g  the a p p lied  v o lta g e  

for  minutes or hours seemed c o n s is t e n t  w ith  a h yp o th es is  having  

the d ischarge i n i t i a t e d  by a s in g le  event* The d i f f i c u l t y  o f  

reproducing the breakdown v o lta g e  i s  a l s o  in  agreement w ith  the 

general ch aracter  o f  the mechanism.

In 1953, Leader (48) d escr ib ed  experiments on th e  breakdown 

between sp h e res ,  and between sphere and p o in t  e l e c t r o d e s .  He 

co n d ition ed  h is  e le c tr o d e s  by h i ^  v o lta g e  breakdowns, u n t i l  a 

s ta b le  end p o in t  was reach ed , and the h ig h e s t  va lue a t ta in e d  

was taken as the breakdown v o l ta g e .  His r e s u l t s  u s in g  d i r e c t  

v o lta g e s  were e r r a t i c .  In d iv id u a l va lu es  o f  breakdov/n v o lta g e  

were sometimes 25Ĵ  above, or below , the average for  a la rg e  

number o f  t e s t s .  As the v o lta g e  was in c r e a se d , the p re -  

breakdown current in crea se d , and i t  was d i f f i c u l t  to  determine  

the breakdown p o in t .

Impulse v o lta g e s  (1 .5 /7 0  m icrosec . waveshape) up to  55ICV. 

were a p p lie d  between e le c tr o d e s  and the values o f  breakdown 

v o lta g e  obtained  were reproducib le  to  w ith in  7^. Leader does  

n o t d e f in e  the value he took as the breakdown v o l t a g e ,  or 

d e scr ib e  h is  t e s t  procedure, but i t  i s  probable th a t  the im pulse  

v o lta g e  was r a ise d  in crem en ta lly  u n t i l  a d ischarge occurred*

The peak value o f  the impulse wave would be taken as the break

down v o l ta g e .



The p o in t  a t  which sparking commenced and ceased was w e l l  

d e f in e d ,  and the sparks were c l e a r ly  v i s i b l e .

The r e s u l t s  obtained  by Leader for  variou s forms o f  s t e e l  

e le c tr o d e s  are shown on graph 5 .  He based h is  reasons for the  

h igh er  breakdown v o lta g e  w ith  the sharper e l e c t r o d e s ,  on the  

th e o r ie s  o f  Truxnp and van de Graaf ( 3 9 ) .  He su g g ested  t h a t  the  

sm all area o f  a p o in t  e le c tr o d e  might cause photons, p o s i t i v e  

i o n s ,  and to  a l e s s e r  e x te n t  e l e c t r o n s ,  from the o p p osite  

e l e c t r o d e ,  to  pass the ex trem ity  o f  the p o in t  w ith ou t s tr ik in g *

A v o lta g e  h igher than th a t  which would cause breakdown between  

two spheres would be n ecessa ry  fo r  the process to  become 

cu m u la tiv e .

O scillogram s o f  the impulse breakdown o f  sphere gaps showed 

th a t  the breakdown occurs in  approxim ately  0 .1 2  m icroseconds,  

which i s  in  agreement w ith  the r e s u l t s  o f  Goss l i n g  (23) and 

Snoddy (20)* The o sc il lo g ra m s showed th a t  the d isch arge  

e x t in g u ish e d  a t  currents o f  about 0 .2 5  amperes. This i s  in  

f a i r  agreement w ith  G leichauf*s va lues o f  0 .7  to  1 .5  amperes for  

copper e le c tr o d e s*  A complete breakdown would n o t  occur i f  

th e  l im i t in g  r e s i s t o r  was made la rg e  enough to  p reven t a current  

o f  0 .2 5  amperes from flowing* Leader found th a t  under such  

c o n d it io n s  o f  h igh  l im i t in g  r e s i s t o r ,  the cu rren t o sc il lo g ra m  

would take the form o f  a r e la x a t io n  o s c i l l a t i o n  which r e p r e se n t

ed the repeated  d isch arge  o f  the gap cap acitan ce  * He su ggested  

th a t  the d i f f i c u l t i e s  exp er ienced  by previous experim enters who 

used d . c .  could  be due to  th e ir  s e r ie s  r e s is t a n c e  b e in g  too h igh  

-  the r e s u l t in g  o s c i l l a t i o n  would g iv e  an in te g r a te d  reading  

on a galvanometer*
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In February 1953, Dyke and Troian ( 4 )  d escr ib ed  f i e l d  em ission

s tu d ie s  on s in g le  c r y s t a l ,  tungsten  'n eed les  ^, the geom etries

o f  which were determined by e le c tr o n  m icroscopy. The experiments
-12

were carr ied  out in a vacuum o f  the order o f  10 mm.Hg. u s in g  a

n eed le  cathode and p la te  anode, both  o f  which were w e l l  outgassed.

The v o lta g e  was a p p lied  in  m icro-second p u ls e s .  The r e s u l t s

v e r i f i e d  the t h e o r e t ic a l  wave mechanics equation  for f i e l d

em iss io n , w ith  in d ic a t io n s  th a t  the f i e l d  em ission  was b e in g

space charge l im ite d  a t  the h igher current d e n s i t i e s .

Table shows the current d e n s i t i e s  j u s t  before breakdown(Xc)

and the v o lta g e  a t  breakdown ( V max.)
TABLE TT

Emitt er No. fx V max.KV. F Fmax_______
7 3 2

X 89 2 X 10 6 .9  8 ,8 2 0  60'.9 x 10 ICV /cm.
7 3 2 ,

X 81 3 X 10 6 .9  10 ,100  6 9 .6  x  10 KV /cm.
8 3 2 ,

N lO 2 X ID 3 2 .1  12,800 410.0 x  10 KV /^n.
7 3 2^

Q, 7 6  X ID 4 .75  9 ,250 44.0 x 10 KV / c m .

Dyke and Troian su ggested  th a t  the maximum current d e n s i t i e s  

were in  s u f f i c i e n t  agreement to  in d ic a te  tlia t the current  

d e n s ity  was the most im portant v a r ia b le  in  a d eterm in ation  o f  

the breakdov/n p o in t .  I f ,  however, the maximum cathode g ra d ie n t  

a t  breakdown i s  c a lc u la te d  from th e ir  r e s u l t s ,  the f ig u r e s  shown 

in  column four are ob ta ined . They seem to  be in much c lo s e r  

agreement than the current d e n s i t i e s .  ITie product o f  the 

a p p lied  v o lta g e  and the maxiimim cathode g ra d ien t (see  Cranberg 

(47) ) i s  g iv en  in  column f i v e .  I t  was su ggested  th a t  the
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breakdown r e s u l t s  from in creased  em itter  temperature due to  a 

cu rren t d e n s ity  dependent mechanism accompanying the em ission  

process*  P o s s ib le  mechanisms which could have produced the  

requ ired  h ea t in g  are r e s i s t i v e  h ea tin g  and the Nottingham  

mechanism ( 4 9 ) .  A s o lu t io n  for the a d ia b a t ic  case a p p lied  to  

the em itters  ( the v o lta g e  was a p p lied  in  s in g le  micro second  

p u ls e s )  showed r e s i s t i v e  h ea tin g  g iv in g  e x c e s s iv e  em itter
7 2

temperatures when J = 10 amp./am. .

I t  was seen from o sc illogram s th a t  a t  form ation o f  the arc
-3

the cu rren t in creased  by two orders o f  magnitude in  5 x 10 s e c .

The authors considered  th at in  view of the p u lse  nature o f  

the v o lta g e  and t r a n s i t  time c o n s id e r a t io n s ,  i t  was u n l ik e ly  

th a t  the breakdown was i n i t i a t e d  by ions or c lu s te r s  l ib e r a te d  

a t  the anode.

In the September o f  the same y e a r .  Dyke, Troian, Ivlartin and 

Barbour (5 0 , 5 1 ) ,  p ub lished  fu rth er  in f o r m t io n  on the break

down s tu d ie s  j u s t  d escr ib ed  ( 4 ) .  This showed c o n c lu s iv e ly  

tlia t the vacuum arc in th e ir  experiments was i n i t i a t e d  a t  a 

c r i t i c a l  value o f  the f i e l d  current d e n s ity  (about 10/\mperes/cm^j 

They were ab le  to compute the current d e n s i t i e s  n ecessary  to  

g iv e  (by r e s i s t i v e  h ea tin g )  a temperature o f  3O00'°K on the 

cathode in  the time o f duration  o f  the a p p lied  v o l ta g e .

Table T i l  shows how w e ll  the exp er im en ta l(Jx ) and c a lc u la te d  

(Jr) current d e n s i t i e s  corresponded. Dyke e t  a l. found th a t  

they could p r e d ic t  th at breakdown was about to  occur by n o t in g  

a ' t i l t *  in  the current p u ls e .  That i s ,  the em ission  current  

in crea se d  n o t ic e a b ly  over the sh o r t  p e r io d (u s u a l ly  micro second)
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for  which the v o lta g e  was a p p l ie d .  This was due to  the high  

temperatures developed a t  the e m it t in g  p o in t .

TABLE 111

E m itter . Jx. J r .  V max.(KV). Pulse Duration

(10 sec  ond ) .

Ù 38 6 X lo" 7 X 10»"̂ 9 .2 1

X 62 4 X 10^ 2 .4 X
7

10 8 .8 0 .5

X 62A 3 X 10 2 .5 X 10^ 6 0 .1 1

Q 1 4 X 7 .1 X
7 1

10 4 .9 1

q 29 7 X 10^ 7 .4 X 10 14 .2 1

0 54 1 X 10^ 2 .7 X
8

lO 16 .1 1

2 X 4 5

1

X
7

lO 5 .8 X lo" 13 .3 1
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The fo l lo w in g  mechanisms have been su g gested  to  account for  

h igh  vacuum breakdown. Some (a & b) were proposed to exp la in  

breakdown a t  low v o lta g e s  and high su rface  g r a d ie n t s , and others  

( c & d) to  exp la in  breakdown a t  h igh  v o lta g es  and com paratively  

low su rfa ce  g r a d ie n ts .  Cranberg*s theory ( e ) ,  i t  was su g g es ted ,  

i s  g e n e r a l .

(a) (23) The d ischarge i s  duo to  la rge  f i e l d  em ission  

currents from p o in ts  produced by some form o f  su rface  rupture  

under the in f lu e n c e  o f  a p p lied  f i e l d s .

(3 4 , 48) Prior to  breakdown, f i e l d  currents flow from the 

su r fa ce  p r o je c t io n s  where the lo c a l  f i e l d  and the m echanical 

force  are g r e a t e s t .  Depending on the s i z e  and geometry o f  th ese  

p r o je c t io n s  and th e ir  thermal co n ta c t  w ith  the body o f  the 

cathode, there i s  l o c a l  r e s i s t i v e  h e a t in g .  As the f i e l d  i s  

in c r e a se d , a rupture occurs a t  th a t  p r o je c t io n  where co n d it io n s  

o f  m echanical f o r c e ,  r e s i s t i v e  h e a t in g ,  and t e n s i l e  s tr e n g th  

are most favou rab le . Brea led ovm o ccu rs .

(b) (31) A c e r ta in  number o f  p o s i t i v e  ions are formed for  

each e le c tr o n  s t r ik in g  the anode. These ions are a c c e le r a te d  

towards and bombard the cathode. When the p o te n t ia l  and the  

number of ions are both  large  enough, a rupture o f  the cathode  

o c c u r s .

(c )  (2 8 ,  3 9 ) .  Breakdown occurs when AC+BD ^ 1  v/here the  

c o - e f f i c i e n t s  A,B,C and D are as s p e c i f i e d  on page 10

(d) (4 0 ) .  Breakdov/n occurs when AB+CD^l where the  

c o e f f i c i e n t  A ,B ,C and D are a s  s p e c i f i e d  on page 22
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( e )  (4 7 ) .  Cranberg*8 'Clump* Theory (page 26). Breakdown
2 '

occurs when VE^C, which g iv e s  for  uniform f i e l d s  V ^ (C d .)  .

I f  mechanism (a) a lone determined the breakdown p o in t ,  the 

anode co n d it io n  would have no e f f e c t  on the breakdown v o l ta g e .

Gf the experim enters who in v e s t ig a te d  the e f f e c t  o f  the anode, 

on ly  Ahearn (3 4 ) ,  and G leichauf ( 4 4 ) ,  found i t  had no e f f e c t ,  

w h ile  the work o f B ennett (19 , 2 1 ) ,  Beams (2 2 ) ,  Chambers ( 3 1 ) ,  

Anderson ( 3 2 ) ,  I ma ch i (37) and Heard e t  a l  ( 4 5 ) ,  in d ic a te d  th a t  

i t  had. The experiments o f  Anderson (32) and Trump e t  a l  (39) 

which showed the t o t a l  v o lta g e  e f f e c t ,  in d ic a te  c o n c lu s iv e ly  

t lia t  th i s  process can not a lone account for  the breakdown a t  

high  v o lta g e s  (> 50K V ).

The mechanisms (b) , ( c ) ,  (d) , and (e )  are c o n s is t e n t  w ith  

the anode co n d it io n  a f f e c t i n g  the breakdov/n v o lta g e  and w ith  

the phenomenon o f  anode m etal tr a n s fe r  p rior  to  breakdown. 

Measurements in  recen t years (3 9 , 46 , 52) on the c o e f f i c i e n t s
/i

in vo lv ed  in  (c )  have in d ic a te d  th a t  they are n o t la rg e  enough 

to  account for breakdown. Measurements under breakdown 

co n d it io n s  have n o t ,  as far as i s  Imown, been made on the  

n e g a tiv e  ion em ission  c o e f f i c i e n t s  in vo lved  in  ( d ) .

The curves g iven  by Cranberg ( f ig u r e  4) g iv e  s tron g  support  

to h is  theory o f  breakdov/n under uniform f i e l d  c o n d it io n s ,  

p a r t i c u la r ly  a t  v o lta g e s  above about 5Q-KV. Under non uniform  

f i e l d  co n d it io n s  the evidence i s  n ot c o n c lu s iv e .

The experim ents o f  Chambers ( 3 1 ) ,  which v/ould appear to  be 

the c l a s s i c  breakdown study on c o a x ia l  system s, do n ot p o s i t i v e l y  

confirm th is  th eo ry , a lth ough  the anode co n d it io n  d e f i n i t e l y  

a f f e c t s  the value o f  the breakdown v o l ta g e .  The mechanism
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proposed by Chambers (page 1 4 ) ,  which i s  a combination o f  (a) 

and ( b ) ,  seems a more l i k e l y  cause o f  breakdown. The e x p e r i

ments o f  Dyke and Troian showed th a t  the em ission  o f current  

from a p o in t  could a lone cause breakdown by r e s i s t i v e  h e a t in g ,  

but the nature o f  th e ir  experiments (microsecond v o lta g e  p u lse s )  

was such as to  e l im in a te  the other p o s s ib le  causes which would 

depend on the anode. As they s t a t e  -  "In viev/ o f  the requ ired  

ra te  o f  ion d e l iv e r y ,  the e x c e l le n c e  o f the vacuum, and t r a n s i t  

time c o n s id e r a t io n s , i t  is  u n l ik e ly  th a t  the p resen t breakdown 

was i n i t i a t e d  by ions or c lu s te r s  l ib e r a te d  a t  the anode."

Prom th is  survey i t  seems probable th a t  the fo l lo w in g  

mechanism causes breakdov/n a t  com paratively  low p o te n t ia l s  

(< 5GKV. ) and h igh  su rfa ce  gra d ien ts  i f  the p o s i t iv e  ion  t r a n s i t  

time i s  sh o rt  compared v/ith the time of duration  o f the v o l ta g e .  

As the gap v o lta g e  i s  in crea se d , e le c tr o n s  are em itted  from a 

p r o je c t io n ,  and there i s  lo c a l  h ea tin g  due to  the h igh  current  

d e n s i t y .  These e le c tr o n s  cross the gap, s t r ik e  the anode, and 

produce by secondary em iss io n , ions which are a c c e le r a te d  towards 

the cathode and bombard bhe p r o je c t io n ,  g iv in g  fu rth er  h e a t in g .  

Breakdown thus occurs a t  a lower current d e n s ity  and hence a 

lower su r fa ce  g ra d ien t a t  the cathode, than th a t n ecessary  in  

the experim ents o f  Dyke and Troian. (Their cathode breakdown 

g ra d ien t  was 822 - 1,280) KV/mm.) The e x te n t  to  which the spark  

p o t e n t ia l  depends on the current d e n s ity  w i l l  be determined by 

the number o f  p o s i t i v e  ions produced by the e le c tr o n  stream.

This w i l l  be g r e a t ly  in f lu e n c ed  by the con d ition  o f  the anode 

s u r fa c e .  (Chambers found no breakdown a t  a g ra d ien t o f  

600 KV/rnm. on h is  'h eat smoothed' cathode a f t e r  out gas s in g  h is
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anode -  th i s  f ig u re  i s  j u s t  below the lo w est  breakdown g ra d ien t  

obtained  from Dyke and T roian 's f i g u r e s . )

Consider now the two experim enters who found no anode e f f e c t .  

Ahearn'3 method o f  ' c o n d i t io n in g ' the anode was by causing  a few 

breakdowns to  occur (page 1 7 ) .  I t  i s  p o s s ib le  th a t  only a sm all  

f r a c t io n  o f  the anode su r fa ce  would be outgassed  in  th is  way, 

whereas the cathode would probably be con d ition ed  by removal 

o f  p r o j e c t io n s .  The fa c t  th a t  a s l i g h t l y  h igher breakdown 

v o lta g e  was obtained when the p rev io u s ly  s h ie ld e d  part of the 

anode was ro ta ted  in to  p o s i t io n ,  bears out th i s  su p p o s it io n .  

G leich au f found th a t  fu s in g  a f i lm  o f  g la s s  on the anode d id  

not a f f e c t  h is  breakdown v o l ta g e .  This i s  n o t incom patib le  

w ith  the proposed mechanism i f  the em ission  o f  p o s i t i v e  ions  

i s  la r g e ly  determined by the adsorbed gas ( as i s  supported by 

outgas8 in g  experim ents) rather than by the a c tu a l  anode m a ter ia l .
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2 . Equipment.

2 .1 .  The Vacuum System.

The vacuum system v/as o f  metal co n stru ct io n  apart from the  

pyrex h e l l  jar ( f i g .  1 ) .  Vacuum t ig h t  jo in t in g  was e f f e c t e d  

a t  the p o in ts  marked by Gaco 'O' r i n g s , and a t  the b e l l  jar base  

by a neoprene 'L' g a sk e t .  The heavy, m etal base on which the  

b e l l  jar sa t  had four Edwards bushings f i t t e d  (two ra ted  15 ICV., 

100 amperes and two ra ted  7 10/., 15 am peres), and a s e a le d  screw  

in  the top o f  the jar carried  the h igh  v o lta g e  supply  in to  the  

vacuum chamber . Motion v/as tran sm itted  through the vacuum w a ll  

by means o f  sim ply con stru cted  Wilson s e a l s  which are shown on 

f ig u r e  2 .

The p ressu re  in  the system was measured by a thermocouple

guage and an io n is a t io n  guage incorporated  as shown on f ig u re  1 .

The guage ranges were r e s p e c t iv e ly  1 mm. o f  Hg. to  lQ)“ r̂am. o f
—3 —7Hg. and 10 mm. o f  Hg* to 2 x 10*“ mm. o f  Hg.

2 . 2 .  P ro v is io n s  for C on d ition in g .

F a c i l i t i e s  were required  for

(a) running a d ischarge between the e le c tr o d e s  in  a hydrogen 

atmosphere and

(b) h ea tin g  the e le c tr o d e s  s tr o n g ly  in  a h igh  vacuum.

The hydrogen d isch arge  was provided for by a n e e d le ,  leak

va lve  (B) in  the system  as shown in  f ig u re  1 . When i t  v/as

n ecessa ry  to  f i l l  the b e l l  jar v/ith hydrogen, the vacuum system
—3was pumped to  the minimum ro tary  pump p ressu re  (about 10" mm. 

of H g .) ,  the va lve  A c lo s e d ,  and hydrogen in je c t e d  a t  va lve  B. 

F a c i l i t i e s  for in du ction  h ea t in g  the e le c tr o d e s  were provided
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by having work c o i l  C ( f i g .  1) connected by heavy, braided  

copper to  the la rger  bushings in  the b e l l  jar b ase . The support  

for the c o i l  was racked a t  i t s  lower end, and could be driven  

up, or down, by a p in ion  which was ro ta ted  by a sp in d le  through  

a Wilson s e a l .  In th i s  way the c o i l  could be removed from the 

v i c i n i t y  of the gap a f te r  h e a t in g .

C onsideration  o f  the in d u ction  h ea tin g  problem showed th a t ,  

with the o s c i l l a t o r  components a v a i la b le  and w ith  f ix e d  m atching, 

the h ig h e s t  a t ta in a b le  temperature for s t e e l  e le c tr o d e s  was the  

Curie p o in t  (approxim ately 800°C -  a b r ig h t  red h e a t ) .  In the  

case o f  other e le c tr o d e  m ateria ls  i t  was proposed to  use 

magnetic c o r e s .  A c i r c u i t  diagram o f  the 0.51CW. in d u ction  

h ea tin g  equipment which was designed  i s  shown on f ig u re  3 .

With the e le c tr o d e s  a t  a red heat i t  was n ecessa ry  to  have 

the supports water co o led , or of such a form as to  prevent  

e x c e s s iv e  h ea t flow  to other parts  o f  the equipment. Thermally 

in s u la t in g  supports were adopted , s in c e  the power then required  

to  heat the e lec liodes was much sm a lle r .  The supports were 

made o f th in  w a lled  s t e e l  tube (<C'.0O8") which gave the 

required low ra te  o f heat f low .
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2 . 3 .  The Ele c tr o d e  System.

The geometry o f  the d i s c  type e le c tr o d e s  used i s  shown on 

f ig u re  4 .  This proved a s u i t a b le  shape for h igh  vacuum break

down s t u d ie s ,  s in c e  for a l l  p r a c t ic a l  purposes the f i e l d  a t  the 

centre was uniform, a lthough  the area to be con d ition ed  was sm a ll .  

No edge e f f e c t s  were exp er ien ced . The e le c tr o d e  m etals were 

analysed  and the fo llo w in g  f ig u r e s  ob ta in ed .

S t e e l  -  Fe. 9 9 .5 1 8 ^ .,  Mn. 0 .3 8 0 < . , C. O .o52< .,

Copper- Cu. 99.5"^. , im p u r it ie s  un Imown.

Aluminium - A l .  9 9 .6 4 ' ' . ,  S i .  Ü. 23""̂ . , P e . 0 .1  . ,  Cu. 0.03"^.,

Mg. o '

The bottom e le c tr o d e  could be moved v e r t i c a l l y  by a 

micrometer which was operated by a d r ive  through a Wilson s e a l .  

When the e le c tr o d e s  touched they completed a temporary e l e c t r i c a l  

c i r c u i t  comprised o f a 4 v o l t  b a tte r y  in  s e r ie s  w ith  a b u lb .

(Rother (42) found th a t  zero in g  h is  gap in  th is  way d id  not  

a d v erse ly  a f f e c t  the e le c tr o d e  s u r f a c e s ) .  To s e t  the gap, the  

bottom e le c tr o d e  was r a ise d  u n t i l  i t  touched the top e le c tr o d e  

and the micrometer reading n o ted . The bottom e le c tr o d e  was 

then lowered and the micrometer s e t  to  g iv e  the d e s ir e d  gap.

The micrometer could be read to  w ith in  t  o .o o o l " .
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3 .  A .G. Breakdown T e sts .

3 .  1 . A .G. Equipment.

The h igh  v o lta g e  c i r c u i t  is  shown in f ig u re  5 . The p o la r i ty  

in d ic a to r  ( f ig u re  6) i s  a m odified form o f  th a t g iven  in  

re feren ce  53 w ith  the r e s i s t o r s  (Rp ) in creased  to make i t  more 

s e n s i t i v e ,  and the r e la y  (Lp) included  to  open the primary 

c i r c u i t  o f the high te n s io n  transformer when the gap ibroke down. 

As was ex p ec ted , i t  was d isco v ered  th a t there was no p o la r i ty  

e f f e c t  and the main use of the in d ic a to r  was in  de-e n e r g is in g  

the c i r c u i t  a t  breakdown. The current n ecessary  to  t r ip  the 

p o la r i ty  in d ic a to r  was determined by the values o f  and Rp 

and could be as sm all as 800 microamperes. The cathode-ray  

o s c i l lo g r a p h  was used for  the measurement o f  pre breakdov/n 

cur r e n t •

The peak v o ltm e ter , v/hich used n e g a t iv e ly  b ia sse d  tr io d e s  

to  prevent c ir c u la t in g  cu rren t, i s  shown on f ig u re  7 .  The 

vo ltm eter  was checked a g a in s t  another which was accu rate  to  

w ith in  0 .2 ^ .  The other instrum ent was developed in t h i s  

department by Ivîr . J .  Ivlathews. The v o lta g e  f ig u r e s  corresponded  

to  v /ith in  0 .7 5  ' , which in d ic a te d  th a t the peak voltm eter used 

in  the p resen t work was accurate  to  w ith in  1^. Often when 

i t  was not s u i t a b le  to  watch the milliammeter c o n s ta n t ly ,  the  

reading on the primary vo ltm eter  would be taken a f t e r  breakdov/n. 

A c a l ib r a t io n  curve o f  m illiam meter to  primary voltm eter  

reading shov/ed a miximum d e v ia t io n  o f 3^ from the mean, w ith  

the v a s t  m ajority  o f  readings w e l l  w ith in  th is  l i m i t .  A 

few check readings on the milliam m eter would be taken in  each
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te s  t  in which the primary vo ltm eter readings were being used as 

the vo lta g e  in d ic a t io n .  The peak v o lta g e  i s  g iv en  by the 

r e la t io n  v 2fC, and i t  is  n ecessa ry  to  know a c c u r a te ly  the supply  

frequency. This was measured by p u tt in g  the supp ly  v o lta g e  

across the X p la te s  o f  a Gathode-ray o s c i l lo g r a p h ,  and a s ig n a l  

from the con tacts  o f  v a r ia b le  frequency tuning fork a cro ss  the 

Y p la te s#  The fork  frequency was a d ju sted  to g iv e  a s ta t io n a r y  

p ic tu re  on the sc r e e n , and the supply frequency was thus known 

to  the accuracy o f  the fork frequency, namely —0*2^.

Gas gaps were p laced  across  the peak vo ltm eter  and p o la r i ty  

in d ic a to r  for surge p r o te c t io n  a t  breakdown.
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3 .  8# The Breakdov/n between S t e e l  E le c tr o d e s .

3 .  2 .  1 . The Curront-Voltage C h a r a c te r is t ic  o f  a Vacuum Gfap.

V/hen an a l t e r n a t in g  v o lta g e  i s  a p p lied  across  a vacuum gap,

the current which flow s w i l l ,  in  g e n e r a l ,  have a wave form as

shown on p la te  1 .  A f i e l d  em ission  cu rren t, which i s  in  phase

v/ith the v o lta g e  across  the gap, i s  superimposed on the

cap acitan ce cu rren t. The value o f  th is  em ission  current depends

on the m eta l ,  degree o f  a d so r p t io n , and to  a grea ter  e x t e n t ,  on

the roughness o f  the cathode.

Graph 6 shows a curve o f peak current to  applied  v o lta g e  for

unconditioned  s t e e l  e le c tr o d e s  which had been roughened very

co n s id era b ly  by many breakdowns. Portion  A B rep resen ts  the

cap acitan ce  cu rren t peak and B G the f i e l d  em ission  cu rren t peak.

At some p o in t  (G),  a d is c o n t in u i ty  occurs and the current

in cr e a se s  to  a much larger value which i s  determined by the

c i r c u i t  c o n d it io n s .  This p o in t G i s  d e f in ed  as the breakdown

p o in t .  S ec t io n  B G o f  the curve i s  governed la r g e ly  by the

em p ir ica l f i e l d  em ission  law ( p . l ) ,  as i s  shown by the graph

lo g  I -  — on the same s h e e t .  The em ission  current i s  n e g l i g ib l e  
KV

compared w ith  the cap acitan ce current i f  the cathode su rfa ce  i s  

smooth, and there i s  no apparent i r r e g u la r i t y  on the s in e  wave. 

Breakdown then occurs on s e c t io n  A B o f  the curve.

During the experiments ob servation s  were d iscon tin u ed  and 

the e le c tr o d e s  resu rfaced  i f  the f i e l d  em ission  current peak 

much exceeded the cap acitan ce current peak. That i s ,  the  

current was always l e s s  than 50 microamperes.
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3» 8 .  2m The D eterm ination  o f  the B e s t  Method o f  C on d it ion in g .

Metals in  th e ir  normal s t a t e  have adsorbed on th e ir  su r fa ce s  

con sid era b le  q u a n t i t ie s  o f  g a s • This gas has to  be removed 

b efore  the em ission  c h a r a c t e r i s t i c s  o f  the a c tu a l  m etal can be 

ob ta in ed . I f  the m etals are s u i t a b ly  t r e a te d ,  for example by 

h eatin g  s tr o n g ly  in  h igh  vacuum, th i s  adsorbed gas can be driven  

o f f ,  the amount readsorbed u su a lly  being sm all compared w ith  

th a t  i n i t i a l l y  p r e se n t .  C ondition ing  p rocesses  a l s o  tend to  

remove m icroscop ic  su rfa ce  p r o je c t io n s  by m e lt in g .  Table 4 

g iv e s  the time taken for  a monolayer to  form on a su rfa ce  a t  

various p r e s s u r e s ,  assuming the r e s id u a l  gas i s  oxygen, and 

n e g le c t in g  the fa c t  th a t some m olecules w i l l  c o l l i d e  e l a s t i c a l l y  

w ith  the su r fa ce  and escape a d so rp tio n .

TA.BIÆ 4 (Ref .  54) .

Gas P r e ss .  No. o f  gmpacts Time taken for gas p a r t i c l e s  to  
—  per cm. per s e c .c o v e r  com plete ly  the ta r g e t  areamm. Hg.

-5
1 0 4 X

15
lO 0 .0 6 second

- 6
1 0 4 X

14
1 0 0 . 6 n

1 0 “ "̂ 4 X 6 .0 II

1 0 - " 4 X 1 minute
- 9

1 0 4 X 1 0 ^ ^ 1 0 minutes
- 1 0

1 0 4 X lo '^ lOO II

1 0 - ' ' 4
1

X
9

lOOO II
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In th is  study i t  was d ecid ed  to  try  methods which appeared  

p r a c t ic a b le  from en g in eer in g  c o n s id e r a t io n s , and the breakdowns 

were s tu d ie d  a t  p ressu res which were o b ta in a b le  w ith  care u sin g  

an en g in eer in g  h igh  vacuum system  ( i . e .  m etal system , rubber

g a sk ets  e t c . ) .  The p ressu re  during t e s t s  was always le s s  than
- 5  -ÔlO mm. o f  mercury and u s u a lly  nearer 5 x 10 mm. o f  mercury

as g iv en  by the ion  gauge.

The forms o f  c o n d itio n in g  examined were

(a) Induction  h ea tin g  o f the e le c tr o d e s  to  a tem perature o f  

approxim ately  800°G. (br ig h t  red h ea t) in  h igh  vacuum,

(b) Running a d isch a rg e  between the e le c tr o d e s  in  a hydrogen 

a traos phe r e , and

(c )  P rocess (b) fo llow ed  by ( a ) .

Graphs 7 and 8 show breakdown t e s t s  on unconditioned  

e le c tr o d e s  which had a b u ff  p o l is h  f in i s h  and had been w e ll  

washed in  e th e r . The gen era l r i s e  w ith  breakdowns corresponds 

to  the spark co n d itio n in g  p rocess used by some in v e s t ig a t o r s ,  

and as one would ex p ec t, the g rea ter  the energy in  the sp ark , 

the quicker the r i s e .  The e f f e c t  o f s e r ie s  r e s is ta n c e  i s  

d isc u sse d  more f u l ly  la te r  (pages 52 & 53iG raph 8 appears to  

have reached a p la tea u  b ut i s  s t i l l  approxim ately  15ji below  

the breakdown v o lta g e  ob ta ined  w ith  w e ll con d ition ed  e le c tr o d e s .

The e le c tr o d e s  were in d u ctio n  heated  to  a b r ig h t red h ea t  

for variou s p eriod s o f time on se v e r a l d i f f e r e n t  t e s t s  w ith ou t 

s a t is f a c t o r y  c o n d itio n in g  b e in g  o b ta in ed . Graph 9 shows the 

breakdown v o lta g e s  obta ined  a f t e r  h ea tin g  for  one hour a t  a 

p ressu re  o f 5 x 10 mm. o f  m ercury. Prom t h is  curve i t  i s  seen
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th a t  the e le c tr o d e  co n d itio n  a f t e r  in d u ctio n  h e a t in g , compared 

unfavourably w ith  the experim ents in  which the e le c tr o d e s  were 

co n d itio n ed  on ly  by spark ing  (graph 8 ) .  This was probably due 

to  the pump vapour crack ing  on coming in to  c o n ta c t vfith the red  

h o t e le c tr o d e s  and le a v in g  a m inute carbon d e p o s it  which had to  

be removed by rep eated  breakdowns.

Anderson (32) found th a t running a d isch a rg e  o f  approxim ately
20*25 amperes per cm# between the e le c tr o d e s  for th ree m inutes 

in  a hydrogen atmosphere gave s a t is fh c to r y  r e s u lt s *

In  the t e s t s  d escr ib ed  here the fo llo w in g  procedure was 

em ployed. The gap was s e t  a t  approxim ately  2 mm*, the b e l l  ja r  

f i l l e d  w ith  hydrogen, and a glow d isch arge  produced by app ly in g  

a v a r ia b le  v o lta g e  (5Q c y c le s /s e c # )  between th e e le c tr o d e s*

The p ressu re  o f  hydrogen in  the system  was a llo w ed  to  in crea se  

u n t i l  the glow covered on ly  the opposing fa ces  o f  the e le c tr o d e s  

(approxim ately  10 mm* o f  mercury)# The a p p lie d  v o lta g e  was 

then a d ju sted  u n t i l  the d isch arge cu rren t was one ampere ( in  the  

case o f  s t e e l  e le c tr o d e s  -  other m e ta ls , see  l a t e r ) # P la te  2 

shows the co n d itio n in g  tak ing  p lace#  Die d isch arge  was 

m aintained fo r  th ree m inutes and the system  then pumped to  a 

h igh  vacuum* The phenomenon ju s t  d escr ib ed  i s  the normal glow  

which has a v o lta g e  drop n ea r ly  independent o f  th e d isch arge  

cu rren t.

When t e s t i n g ,  the peak gap v o lta g e  was r a is e d  l in e a r ly  a t  

approxim ately  6KV/second u n t i l  breakdown took  p lace*  The re la y  

a c t iv a te d  by the p o la r ity  in d ic a to r , would then operate and open 

the primary c i r c u i t  o f  the h igh  v o lta g e  transform er*
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Graph 10 shows the breakdown v o lta g e s  ob ta ined  in  a t e s t  w ith  

no s e r ie s  r e s is t a n c e .  N orm ally, a p la te a u  reg io n  was reached  

a f t e r  a few breakdowns. In the more c o n s is te n t  breakdown ru n s, 

th ere  would occur an o c c a s io n a l low breakdown v o lta g e , and then  

one or two r i s in g  v a lu es b efo re  the p la tea u  reg io n  was aga in  

reach ed . These sp orad ic  low  freak s are ap p aren tly  caused by 

the p reced in g  breakdown producing e x c e s s iv e  su r fa ce  rou gh ness, 

and the r i s in g  va lu es correspond to  a process o f  rem oval. This 

low v a lu e , and any accompanying c o n d itio n in g  breakdowns, was 

con sid ered  as one low freak  and d isregard ed  when c a lc u la t in g  the  

mean breakdown v o lta g e  and standard d e v ia t io n . A r e s u l t  below  

e ig h ty  per cen t o f  the maximum breakdown v o lta g e  in  a t e s t  was 

con sid ered  a low fr e a k , and where th ey  were d isrega rd ed  the 

number i s  g iven  as a p ercen tage o f the t o t a l  breakdowns.

Table 5 shows the maximum breakdown v o lta g e s  ob ta ined  in  the  

t e s t s  ca rr ied  out under the c i r c u i t  co n d itio n s  s p e c i f i e d .  Some 

o f the t e s t s  were performed in  the same experim ent -  th a t i s ,  

w ith ou t the e le c tr o d e s  b e in g  resu rfa ced  and w ith  the system  

p ressu re  m aintained below  lo"^mm. o f  Hg. These t e s t s  bear the  

same index l e t t e r .  The s u f f i x  in d ic a te s  the order in  which 

the t e s t s  were ca rr ied  o u t.
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TABLE 5 -  SŒEL ELECTRODES.

(The t e s t s  were ca rr ied  out a f t e r  hydrogen d isch arge  c o n d itio n 

in g  o f  th e e le c tr o d e s ,  u n le ss  o th erw ise  in d ic a te d  hy th e in d ex  

l e t t e r  -  see  pages 49 and 50').

A. 0.4mm. gap.

Index l e t t e r ^1 B C E F l ^1 %

S e r ie s  R es is ta n ce  (Rg) 0 0 0 0 50ICru lOOKjL 45ÛIC

m x . B .D .V . ) 5 3 .5 53 53 52 45 .5 4 9 .5 5 0 .7

Mean B.D.V. (ICV. ) 5 1 .4 48 .6 4 8 .2 47 43 3 8 .7 4 1 .4

S td . Dev^ mean) 3 .8 2 4 .1 1 4 .5 4 .4 4 3 .9 21 .6 23 .7

^  Low freaks 0 7 .1 5 .4 8 .2 1 2 .5 - -

B .D .'s .  to  p la te a u . 30 9 83 36 5 1 2
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TABLE 5 -  STEEL ELECTRODES (C ontd.) 

G. 0 .525  mm* gap.

Index L etter %2 %3
S e r ie s  R es. (Hg,) 0 0 0

Max. B .D .V .(K V .) 6 4 .5 68 .6 67 .6

Mean B.D.V. (JCV.) 63.6 6 2 .6 6 1 .7

S td . Dev^ * (ff m ean.) 2 .6 4 6 .2 5 7 .00

fz Low F reaks. 0= 8 6 .9

B .D .*s to  p la te a u . 17 0 2

C apacitance added (y>y*f ) 0 17 .5 0̂

A -  t e s t  fo llow ed  Hg d isch arge  p lus in d u ction  h ea tin g  fo r  h a l f  

hour and con sid erab le  spark ing a t  sm aller s p a c in g s .

C -  t e s t  fo llow ed  in d u ction  h ea tin g  for 1 hour and 83 

co n d itio n in g  sparks to  reach p la te a u .

D -  t e s t  fo llow ed  Hg d isch a rg e  p lu s in d u ctio n  h ea tin g  fo r  1 hour

t e s t s  in v e s t ig a t in g  the e f f e c t  o f  gap ca p a c ita n ce .
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Thble 5 shows th a t the m ost c o n s is t e n t  r e s u l t s  were obtained  

w ith  zero  s e r ie s  r e s is ta n c e  and th e  minimum gap cap acitan ce  -  

see  t e s t s  E, and Ag, F g , Gg, Eg. There was no

s ig n i f i c a n t  d if fe r e n c e  in  c o n s is te n c y  between t e s t s  having 100K-a- 

and 45eDKxv s e r ie s  r e s is t a n c e ,  and b oth  c o n s is te n t  and in c o n s is te n t  

r e s u l t s  cou ld  be ob ta ined  (F-,, F , K ) v /ith  50 i{n. s e r ie s  

r e s is t a n c e .  This i s  d isc u sse d  under "Other F actors In flu e n c in g  

the BreakdoT/n Voltage" (page 52) and was la t e r  c la r i f i e d  by 

o s c i l lo g r a p h ic  measurements on the d isch arge cu rren t under d # c . 

condi t i  ons (page 7 4 ).

The la rg e  s c a t t e r  in  t e s t s  Kg, K^, IĈ  and was ap p aren tly  

due to  added gap ca p a c ita n ce . Graph 11 shows the r e la t io n s h ip  

betw een breakdown v o lta g e  and gap sp a c in g .

C on d ition in g  by in d u ctio n  h ea tin g  in  h igh  vacuum a f t e r  the  

hydrogen d isc h a r g e , was t r ie d .  I t  was thought p o s s ib le  th a t  

the hydrogen d isch arge  would re p la ce  the adsorbed gases w ith  

hydrogen which would in  turn be removed by h e a t in g . The 

in d u ctio n  h ea tin g  im paired the e le c tr o d e  co n d itio n  (graph 1 2 , 

c f .  graph 10) due, probably, to  a carbon d e p o s it  on th e su r fa ce s  

as su g g ested  p r e v io u s ly .

These experim ents showed th a t the b e s t  method o f  co n d itio n in g  

was by hydrogen d isc h a r g e , and th is  process was u se d , u n le ss  

oth erw ise  s p e c i f i e d ,  in  a l l  subsequent experim ents*
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5» 2# 3# Other F actors Influencinp; the Breakdown Volta/ye*

During the many experim ents u sin g  s t e e l  e le c t r o d e s ,  i t  was 

found th a t  the r e s is ta n c e  in  s e r ie s  w ith  the gap had a 

co n sid era b le  b earin g  on th e spread o f  the r e s u l t s . In crea sin g  

the r e s is ta n c e  ^ v e  a g re a ter  s c a tte r *  The most c o n s is te n t  

r e s u l t s  were ob ta ined  when th e  s e r ie s  r e s is ta n c e  was nom inally  

zero*

I t  i s  thought th a t the spark can be con sid ered  in  two p a r t s : -

(a) the d isch a rg e  o f the gap and a s s o c ia te d  c a p a c ita n c e ,

(b) the d isch arge  o f  the cap acitan ce  C. ( f ig *  5 ) .

The d isch arge  o f  the gap cap acitan ce  and the breakdown mechanism  

i t s e l f  produce a c e r ta in  su rfa ce  roughening which can be smoothed 

by m e ltin g  i f  th e *follow* cu rren t from the cap acitan ce  C i s  

la rg e  enough* This i s  in  agreement w ith  the e le c tr o n  

m icroscopy s tu d ie s  o f  H aefer (5 5 ) ,  who found th a t  sharp p o in ts  

cou ld  be smoothed by s u f f i c i e n t l y  la rg e  e le c tr o n  em issio n  from 

the p r o je c tio n s*  The g re a ter  the su r fa ce  roughening the more 

l i k e ly  i s  a low breakdown v o lta g e  to  fo llow * P la te s  3 and 4 

show ty p ic a l  cathode marks ob ta in ed  w ith  h ig h , and low , s e r ie s  

r e s is ta n c e  r e s p e c t iv e ly *  This i s  fu r th er  c l a r i f i e d  by the  

o sc il lo g r a p h  s tu d ie s  on d*c* ( s e c t io n  4 * 4 .)

Graphs 13 and 14 are from experim ents in  which cap a citan ce  

was put a cro ss  the gap during the breakdown run as in d ic a te d ,  

and i t  i s  seen  th a t the s c a t t e r  o f  th e r e s u lt s  i s  in creased *  

Removing the added cap acitan ce  does n o t r e s to r e  th e s i t u a t io n  

co m p le te ly , due, p robably , to  th e roughened s t a t e  o f  the  

su r fa c e s  consequent upon the breakdowns w ith  the la r g e r  

cap acitan ce*
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Graph 15 shows a breakdown r u n ,e r r a t ic  due to  la r g e  gap 

c a p a c ita n c e , w ith  s e r ie s  r e s is ta n c e  added a t  th e  p o in t  shown#

The d e te r io r a t io n  in  the l e v e l  and c o n s is te n c y  o f  th e breakdown 

v o lta g e  i s  obvious and ty p ic a l#  The standard d e v ia t io n  f ig u r e s  

on Table 5 a l s o  in d ic a te  th e  e f f e c t  o f  s e r ie s  r e s is ta n c e #

Due to  the roughened s t a t e  o f  the e le c tr o d e  s u r fa c e s ,  a la r g e  

prebreakdown cu rren t, which in crea sed  q u ick ly  w ith  the number o f  

breakdowns, was a s s o c ia te d  w ith  t e s t s  having r e s is ta n c e  in  s e r ie s  

w ith  the gap ( SOKrL-^lOMn-) .  This cu r r e n t, which was l e s s  

than f i f t y  microamperes when the s e r ie s  r e s is ta n c e  was a lm ost  

z e r o , cou ld  be o f the order o f  hundreds o f  m icroam peres.

To determ ine the e f f e c t  o f  th e pump vapour on th e  breakdown 

v o lta g e , a co ld  trap was f i t t e d  to  th e h igh  vacuum l in e  between  

the d if fu s io n  pump i n l e t  and the vacuum chamber. A co ld  m ixture  

o f  aceton e  and s o l id  carbon d io x id e  was u sed , and the trap  

tem perature con tin u ou sly  m onitored u s in g  a therm ocouple. During  

the t e s t  the co ld  trap tem perature rose  from -78^0 to  -75^0#

The f ig u r e s  fo r  th e  t e s t  a re  shown on ta b le  6 ,  where i t  i s  

seen  th a t th e maximum breakdown v o lta g e  i s  71KV., or 8 .4 ^  above 

the la r g e s t  breakdown v o lta g e  p r e v io u s ly  ob ta ined  (se e  ta b le  5 ) .  

This t e s t  was ch a ra c ter ised  by an u nu su ally  la rg e  nUmber o f  low  

freaks due, p o s s ib ly ,  to  the la r g e r  spark  en er g ie s  consequent 

upon the h igher breakdown v o lta g e s .  I t  i s  seen  th a t  w ith  s t e e l  

e le c tr o d e s ,  the presence o f  ap iezon  o i l  vapour low ers the  

breakdown v o lta g e  by a sm all amount#
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TA.BLE 6 .  S t e e l  E le c tr o d e s , Gold Trap T est»  

Q»5rnm» gap. (Hydrogen D ischarge C on d ition in g)

S e r ie s  R es. (R s-) 0

Max. B .D . V. (êv. ) 71

Mean B .D .V .
A

(KV.) 6 3 .5

S td . Dev^* mean) 5 .7

% Low Freaks 17

B .D .*8 to  p la te a u . 22

3# 3# 1 .  ïhe Breakdown between Copper E leotrodea»

Experiments showed th a t th ere  were two p o s s ib le  breakdown 

phenomenon which cou ld  occur between copper e le c t r o d e s ,  üne 

was th a t o f  spark breakdown, which was c h a r a c te r ise d  by com plete  

f a i lu r e  o f  the gap and was th e  same as the form ex p er ien ced  w ith  

s t e e l .  The other was what i t  i s  proposed to  c a l l ,  the *glow 

breakdown' ,  which was ch a r a c te r ise d  by a tr a n s ito r y  glow  In th e  

gap and conduction  o f  the order o f  a few m illlam p eres or l e s s .

I t  I s  the farmer phenomenon which Is  d escr ib ed  In t h i s  s e c t io n .

The experim ents w ith  s t e e l  in d ic a te d  th a t  the m ost com plete  

co n d itio n in g  was ob ta ined  by running a hydrogen d isch a rg e  and 

th is  method was used w ith  copper. A d isch a rg e  cu rren t o f  one 

am pere, as w ith  s t e e l ,  produced a powdery r in g  on the m etal 

s u r fa c e s . This r in g ,  which e n c ir c le d  th e c e n tr a l reg io n  o f  the  

e le c t r o d e s ,  was composed o f  sp u ttered  copper which cou ld  be 

r e a d ily  wiped o f f .  I t  d id  not seem to  a f f e c t  th e breakdown 

v o lta g e ,  which was determ ined by the co n d itio n  o f  th e c e n tr a l  

r e g io n . However, a d isch arge  cu rren t o f  0 .5  amperes was used



"55*

l a t t e r l y ,  which gave s a t i s f a c t o r y  c o n d itio n in g  w ith ou t s p u t te r 

in g .

The r e s is ta n c e  in  s e r ie s  w ith  the gap had a co n sid era b le  

e f f e c t  on the breakdown f ig u r e s .  With a h igh  r e s is t a n c e ,  the  

breakdown v o lta g e  a tta in e d  an apparent p la tea u  which was 

con sid era b ly  below  th a t  ob ta ined  in  t e s t s  w ith  no s e r ie s  

r e s is t a n c e .  The r e s u lt s  o f  two t e s t s  which show the e f f e c t  o f  

s e r ie s  r e s is ta n c e  are g iven  on graph16. This e f f e c t  corresponds

to  th a t ob ta ined  w ith  s t e e l  e le c tr o d e s .

Graph 17 shows the maximum breakdown v o lta g e  curves obtained  

fo r  copper w ith  two d if f e r e n t  va lu es o f s e r ie s  r e s is t a n c e ,  and 

Thble 7 g iv e s  the standard d e v ia t io n s , e t c .

Experiments under co ld  trap co n d itio n s  gave no s ig n i f ic a n t  

in c r e a se  in  the spark breakdown v o lta g e . This i s  shown by the  

f ig u r e s  in  Qhble 7 .
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3 . 3# 8> Tbe * Glow Breakdown* between Copper E lectro d es*

This phenomenon has been exp erien ced  w ith  copper e le c tr o d e s  

a t  sp acings from one m illim e tr e  up to  the maximum a t  which th e  

equipment could  be s e t  (5»5mm). At breakdown,a f a in t ,  b lu e ,  

d if fu s e  glow appeared in  the gap , accompanied by a f lu o r e s c in g  

o f  the w a lls  o f  th e g la s s  b e l l  ja r  due to  ir r a d ia t io n . This 

i s  shown on p la te  5 to g e th er  w ith  another phenomenon which  

sometimes was v i s i b l e .  This o th er phenomenon was a form o f  

cu rren t leakage (order o f 1 micro-ampere or l e s s )  which occurred

down on e, or m ore, o f the p o ly sty ren e  rods in s id e  th e  h igh

vacuum chamber, and was ch a r a c te r ise d  by a p e r s is t e n t  glow a t  

the n e g a tiv e  end o f  th e rod . The cu rren t which flow ed a t  glow  

breakdovm was o f  the order o f  2 -  3 m il Hamper es  and v / i l l  be 

d isc u sse d  more f u l ly  la te r  in  the s e c t io n  on d . c .  breakdown.

Glow breakdown occurred a t  about the same v o lta g e  fo r  a 

g iven  sp a c in g . The breakdown v o lta g e  in  any t e s t  was very  

c o n s is te n t  and n o t a f f e c te d  by the va lu e o f  the s e r ie s  

r e s is ta n c e  (Table 8 ) .  Graph 18 shows the r e la t io n s h ip  between  

the *glow vo ltage*  and the gap sp a c in g , to g e th er  w ith  the 

corresponding spark breakdown cu rve .

I f  the gap v o lta g e  was r a is e d  above th a t a t  which the glow  

i n i t i a l l y  occurred , i t  was found th a t a f t e r  some glow  breakdowns 

the i n i t i a l  glow v o lta g e  would have r is e n  to  the new v a lu e .

The breakdown v o lta g e  could be r a is e d  in  t h is  way to  the p o in t  

where spark breakdowns occurred . The glow v o lta g e  th e r e a fte r  

f e l l  w ith  time to  the va lu e ob ta ined  i n i t i a l l y  (graph 1 9 ) .  Any

low , breakdown va lu es which d id  n o t l i e  ;dn th is  curve were seen

to  be o f  th e spark ty p e . This c o n s is te n t  decay curve could
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n ot be obtained  w ithout h igh  s e r ie s  r e s is ta n c e #  A p p aren tly , 

the o cc a s io n a l sparks which occurred had a c o n d itio n in g  e f f e c t  

on the su rfa ces  -  th is  e f f e c t  was n e g l ig ib le  i f  the spark energy  

was lim ite d  by h igh  s e r ie s  r e s is ta n c e #

I t  seemed probable th a t th is  phenomenon was caused by 

ad sorp tion  on the e le c tr o d e s ,  and pump vapour was suspected#  

T ests w ith  a co ld  trap  in  the system  s t i l l  showed glow  type  

breakdowns, a lth ough  the ra te  o f  f a l l  o f  the glow v o lta g e  w ith  

t im e , a f t e r  co n d itio n in g  to  the sparking p o in t ,  was slow er and 

l e s s  c o n s is te n t ,  (see  graph 2 0 ) . This in crea sed  in c o n s is te n c y  

was probably due to  the breakdovm v o lta g e  rem aining for  a longer  

tim e near the spark breakdown l e v e l .  Even the in te r p o s i t io n  

o f  the trap in  the system  w ith ou t r e fr ig e r a n t  gave a decay curve 

s im ila r  to  graph 20a# This was due, presum ably, to  the improved 

b a f f l in g  between the d if fu s io n  pump and the h igh  vacuum chamber. 

The glow breakdown for  a g iven  gap occurred a t  a h igher v o lta g e  

under co ld  trap con d itions#  ( -fhble  8 ) .  These t e s t s  in d ic a te d  

th a t  the ad sorp tion  o f  pump vapour p layed  a major p a rt in  t h i s  

phenomenon, but a more com plicated  vacuum system  w ith  a b a f f l e  

v a lv e , bypass l i n e ,  and p refera b ly  l iq u id  a ir  ra th er  than 

* d rik o ld ’ , would be n ecessa ry  to  show th a t  the pump vapour was 

the s o le  cause#



1o -

60 -

(Ai = /oo

Cl low  B D ] / — ^?/77e

i ^ i t h  c o l d  

w i^ A o o t  Cold t r e p .

ùo5oO 2oto h O

 ̂ifiic in m?nu^es f ro/n ^ ^ a r h ? n ^



«•59“

1

ü

g
ê
o
I

œ

8CQ

rH

a
ctS

s

rH

M

l-H
M

rH

I—!
M

rH

I—I

rH
iH

I—I

-P
M



"OU-

3# 4> 1 , The BroÉcdown “b oteeen  Aluminlim E lec tro d es»

The d isch a rg e  phenomenon s tu d ie d  w ith  aluminium e le c tr o d e s  was 

th a t  o f spark breakdown# On one occasion  when th e e le c tr o d e s  

were u n co n d itio n ed , the gap sp acin g  la r g e  (5#5 mm. a p p rox ), and 

the a p p lie d  v o lta g e  about 7DKV., a phenomenon was seen  in  the  

gap which appeared s im ila r  to  the 'glow* type breakdown seen  

w ith  copper e le c tr o d e s .

Hydrogen d isch arge c o n d itio n in g  was aga in  u se d , b u t i t  was 

found th a t  a d isch arge cu rren t o f  one ampere (th e  va lu e  used  

w ith  s t e e l )  caused th e aluminium su r fa ces  to  m elt# There was 

no m e lt in g  w ith  a cu rren t o f  û#25 ampere and s a t i s f a c t o r y  

c o n d it io n in g  was obtained  w ith  the d isch arge  la s t in g  fo r  three  

m inutes# A llow in g  the d isch arge  to  l a s t  fo r  s i x  m inutes gave 

no improvement in  th e con d ition in g#

Graph 21 shows one t e s t  im m ediately a f t e r  hydrogen d isch arge  

c o n d it io n in g  and another s ta r te d  w ith  the e le c tr o d e s  u n co n d itio n 

ed# In the former t e s t  the p la te a u  va lu e was reached a t  on ce, 

w h ile  in  the l a t t e r  th ere  was a gradual clim b u n t i l  a f t e r  about 

fo r ty  breakdowns an apparent p la tea u  was a t ta in e d . The 

maximum v a lu e  on th is  p la tea u  (4 6 # 5 ^ # )  was s t i l l  10^ below  the  

maximum breakdown v o lta g e  fo r  co n d itio n ed  aluminium e le c tr o d e s  

(graph 2 2 ) .  Ghble 9 p resen ts  a summary o f  th e data obtained  

on alum inium , and i t  is  seen  t h a t ,  as w ith  copper and s t e e l ,  

h igh  s e r ie s  r e s is ta n c e  gave low breaMov/n v o l t a g e s .  Graph 22 

shows th e  r e la t io n s h ip  o f  maximum breakdown v o lta g e  to  gap 

sp a c in g . The corresponding curves fo r  copper and s t e e l  have 

been added fo r  com parison.
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4 . D.C. Breakdown Testa»

4 . 1 . D .C. Equipment >

The c ircu itr jL  fo r  the d . c .  t e s t s  i s  shown on f ig u r e  8 . The 

sm oothing was for a l l  p r a c t ic a l  co n sid era tio n s  com plete and the  

r ip p le  was measured to  be l e s s  than 0.12J^ peak to  peak. The 

c ir c u i t  a t  breakdown corresponded c lo s e ly  to  the a # c . c ir c u i t  -  

in  both  cases the condenser C. d isch arged  through r e s is ta n c e  Rg 

and the gap. As in  the a . c .  t e s t s ,  i t  was d e s ir a b le  th a t  the 

supp ly  should  be removed a f t e r  breakdoY/n had occurred to  prevent 

e x c e s s iv e  damage to  the e le c tr o d e s  and to  g iv e  a d e f in i t e  co n tro l  

over the d isch arge d u ra tio n . For reasons which become apparent 

la t e r  (s e c t io n  4 . 3 » ) ,  the r e la y  system  bad to  be s ta b le  and 

u n a ffec ted  by surges through the m ains. The sim ple b a tte r y  

su p p lied  c ir c u i t  shown in  fig u r e  9 was used and found to  be 

s a t i s f a c t o r y .  By v a r ia t io n  o f  th e r e s is ta n c e  Rp. ( f i g .  8 ) 

i t  was p o ss ib le  t o  determ ine the d isch arge current req u ired  to  

op erate  the r e la y s .

The d ir e c t  v o lta g e  v/as measured by means o f a h igh  v o lta g e  

r e s is ta n c e  (R^ ) and microammeter. This r e s is ta n c e  was d esign ed  

and co n stru cted  a t  a time when i t  seemed d e s ir a b le  to  have 

f a c i l i t i e s  for varying the gap s e r ie s  r e s is ta n c e  (R3 ) over a 

la r g e  range -  up to  some hundreds o f  megohms. The on ly  

s a t is f a c t o r y  p o in t a t  which to  measure the gap v o lta g e  w ith  such  

la rg e  s e r ie s  r e s is ta n c e  was d ir e c t ly  across  the gap , and the  

m easuring r e s is ta n c e  had a cc o rd in g ly  to  be much la r g e r  than the 

s e r ie s  r e s is t a n c e .  The r e s is ta n c e  (R^ ) was d esign ed  w ith  a

nom inal va lu e o f  2 ,040  megohm for working a t  120KV. I t  was



co n stru cted  o f  400 h igh  s t a b i l i t y  carbon r e s i s t o r s  (each  o f  

value 5 .1  megohm) mounted in  s e r ie s  on a p a x o lin  su p p o rt, which  

was shaped in  such a way th a t  the leak age path  was extrem ely  

lo n g . The s tr u c tu r e  was immersed in  o i l  in s id e  a co m p a r itiv e ly  

sm all p o rce la in  bushing (approx# 30” lon g  and 1 2 ” d iam eter) • The 

r e s i s t o r  and microammeter (as in  f ig #  8 ) were c a lib r a te d  p er io d 

i c a l l y  a g a in s t  uniform  f i e l d  g a p s . (5 6 ) .  The mean r e s is ta n c e  

f ig u r e s  ob tained  from th ose c a lib r a t io n s  are g iv en  b elow , together  

w ith  the ap p rop riate  d ates#

D a te # Mean R e s is ta n c e . Days from 5 /5 /5 5 .

5 /5 /5 3  2 ,0 7 5  U S L  O

1 7 /6 /5 3  2 ,0 8 7  Mn. 43

6 / 7 / 5 3  2 ,1 1 7  Mjcr 62

1 1 /1 1 /5 3  2 ,1 2 3  Mn 190

I t  i s  seen th a t the r e s is ta n c e  d r if t e d  co n sid era b ly  (2^) over 

the f i r s t  two months and then  remained f a i r l y  c o n s ta n t.

The microammeter could  be read to  an accuracy o f  ±1^ a t  the  

lo w est read ings tak en , and th e  d .c#  v o lta g e  measurements are  

con sid ered  accu rate  to  w ith in  * 2^ .

P la te  6  shows the equipment for th e  d#c# t e s t s .  The 2 ,0 0 0  M/>- 

r e s i s tan ce i s  con ta in ed  in  th e  p o rce la in  bushing on the l e f t  o f  

the p la t e .  The H.T. tran sform ers, r e c t i f i e r s ,  and sm oothing  

can be seen  in  the background.

4# 1 . The D ir e c t  Breakdown V oltage -  S te e l  E le c tr o d e s .

The cu rren t « v o lta g e  c h a r a c te r is t ic  o f  the gap under d .c#  

c o n d itio n s  agreed w ith  the fin d in g s  under a . c .  c o n d it io n s .

The c h a r a c te r is t ic  was ob ta ined  by d r iv in g  the v a r ia c  su p p ly in g



the h igh  v o lta g e  transform er’ ( f ig #  8 ) w ith  a motor running a t  a 

con stan t sp eed . The gap v o lta g e  thus in crea sed  l in e a r ly  w ith  

t im e , and the v o lta g e  across  a r e s i s t o r  between th e cathode and 

ea r th  (Rp= IGGK̂ i) g^ve a measure o f  the cu rren t. The v o lta g e  

a cro ss  th is  r e s i s t o r  was a p p lie d  to  the p la te s  o f  a cathod e-ray  

o s c il lo g r a p h  whitih had i t s  tim e base d isc o n n e c te d , and the  

movement o f  the sp o t was recorded  by a motor d r iv en  camera. The 

gap v o lta g e  rose  from zero  to  breakdown in  approxim ately  6  seconds  

Graph 23 shows the cu rren t -  v o lta g e  r e la t io n s h ip  d er ived  from 

the o sc illo g ra m  a f t e r  v o lta g e  c o r r e c t io n s  which were n ecessa ry  

becau se o f the h igh  s e r ie s  r e s i s t o r  u sed . (Rg = 10Mn_ ) .  This 

record  was obtained w ith  the e le c tr o d e s  rough. The curve o f  

lo g  I  -  on the same graph does n o t q u ite  correspond to  th e  

l in e a r  form exp ected  fo r  f i e l d  em ission  (page 1 ) and i t  i s  thought 

th a t the s l i g h t  upcurving a t  the h ig h er  v o lta g e  and cu rren t 

va lu es was due to  a superim posed therm ionic e f f e c t  a t  the e m itt

in g  sp o t  or s p o ts .  Dyke and Troian (5 0 , 51) have shoivn th a t  

cu rren ts from a m icroscop ic  p r o je c t io n  can produce h igh  

tem peratures due to  r e s i s t iv e  h e a tin g .

As the gap v o lta g e  was ih crea sed  from z e r o , the cu rren t rose  

as shown on graph 23 , the a c tu a l va lu e depending m ainly on the 

su r fa ce  rou gh ness. At a c e r ta in  p o in t  (B ) th ere  was a sudden, 

la rg e  in crea se  in  the cu rren t and norm ally a spark  was seen  

(p la te  7 ) .  The v o lta g e  a t  which th is  occurred i s  d e fin ed  as the  

spark  breakdoim v o lta g e .

When the hreaMown occurred X-rays were r a d ia ted  from th e  gap 

and a ge ig a r  counter cou ld  be used  to  determ ine when the d isch arge  

took p la c e . X-ray film s were fogged i f  p la ced  a g a in s t  the
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o u ts id e  o f  the h e l l  j a r ,  hut fo r  p erson a l s a fe t y  i t  was 

s u f f i c i e n t  to  keep approxim ately  4 f e e t  away from the gap when 

t e s t in g .

In sp ectio n  o f the e le c tr o d e  su rfa ces  a f t e r  breakdown showed 

the fo llo w in g  d e t a i l s . -

Cathode ; The marks were in v a r ia b ly  very sm a ll, and m icroscop ic
-3exam ination showed them to  he sharp edged c r a ter s  about 8  x ID mr 

in  diam eter, (p la te  8 ) .

Anode ; The marks for  each breakdown were much la r g e r  than th ose  

on the cathode and had a d i f f u s e ,  m olten appearance. (p la te  9 ) .

The la r g e r  the gap sp a c in g , the greater the diam eter o f  the  

m elted  a r e a . The marks were due to  e le c tr o n  bombardment when 

the spark occurred -  th e mutual r ep u ls io n  o f  the e le c tr o n s  

a ccou n tin g  for the com paratively  la rg e  diam eter and a ls o  for the  

in c r e a se  in  diam eter w ith  the in crea se  in  sp a c in g . On rare  

o cca sio n s  in  a t e s t  a breakdown would occur ou tw ith  th e  c e n tr a l  

reg io n  o f th e e le c tr o d e s ,  and the d is ta n c e  tra v ersed  by the spark  

would be g rea ter  than norm al. A gain , the diam eter o f  the anode 

mark would be much la r g e r  fo r  the g rea ter  d is ta n c e  a lth ou gh  the 

d isch a rg e  v o lta g e s  would be s im ila r .

The breaMown v o lta g e s  in  the d#c# experim ents were co n s id e r 

a b ly  lower than in  the a#c# experim ents when the gap v o lta g e  was 

r a is e d  a t  approxim ately the same ra te  ( ta b le s  10 and 1 1 ) . The 

c o n s is te n c y  in  each o f the d .c#  t e s t s  w as, in  g e n e r a l, b e t te r  

than in  the a .c #  t e s t s ,  due probably to  the lower breakdown 

v o lta g e  and the sm a ller  c a p a c it iv e  energy in  th e gap a t  breakdown, 

(se e  page 52). The e f f e c t  o f  s e r ie s  r e s is ta n c e  on the standard  

d e v ia t io n  was sm a ll, but la r g e  r e s is ta n c e s  gave low  breakdown
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v o lta g e s  due to  the su r fa ce  roughness produced. (Thble 1 0 , t e s t s  

A ). Graph 24 shows the r e la t io n s h ip  between the breakdown volt:-* 

age and gap sp acin g  when th e v o lta g e  was r a is e d  a t  6 KTV per secon d . 

The maximum breakdown v o lta g e s  shown on ta b le  10 are about 15^ 

below th ose  obta ined  under the corresponding circum stances in  

a . c .  t e s t s  ( ta b le  5) due to  th e  time e f f e c t .  This e f f e c t  was 

noted  on d .c#  t e s t in g  and to a l e s s e r  e x te n t on a . c .  t e s t in g .  

flhen  the v o lta g e  was r a ise d  s lo w ly  a low er breakdovm v o lta g e  was 

ob ta ined  than when i t  was r a is e d  q u ic k ly . There seemed to  be 

two p o s s ib le  methods o f stu d y in g  t h is  time e f f e c t .  One was by 

f in d in g  the breakdown v o lta g e s  fo r  d i f f e r e n t  r a te s  o f r i s e  o f  

gap v o lta g e . I t  was f e l t  th a t  curves ob ta ined  in  t h i s  way 

would be o f  l i t t l e  p r a c t ic a l  im portance and fundam entally  

dependent on the f ig u r e s  su p p lied  by the oth er method which would 

determ ine the time between the a p p lic a t io n  o f  a f ix e d  v o lta g e  

and breakdown. Consequently the procedure d escr ib ed  in  th e  

n ex t s e c t io n  was ad opted .
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â LO tû tû
02 03 e # tû

< • tû # a rH
H 10

4 lO to O i
rH M « • •

< rH ÎS lO to
rH

CQ

0
43
43

3
M
0
*dfi
M

K
0
ü fi

0
fi 0

S
w I â

S

V3.fi
0 > > •
0 • • fi

P p >
• 0

0
0

•H
m m P
• fi •

Pi « 0 Tî
0

1
0 43

CQ S CQ

0
0Pi

fi
0043

Qi
O43
0

p
m



6 o

O r j p h

S ie e ^  e^ec iro c les  V/J conc^'^V 

d . c .  ^  K V / s e c .

2 0

O'AO’!O

(jTi.ro ^ m m .



- 0 0 -

mBIiB 11 .  S T E E L  ELECTRODES ,

(hydrogen d isch a rg e  cond ltion lnp;»)

Index L etter D, D;, Ds D, I>5

Gap. (mm.) 0 .5 0 .4 0 .3 0 . 2 0 . 1

S e r ie s  R esista n ce  (R^) D 0 0 ^ 0 0

m x  B.D.V.(KV) . 5 4 .5 46 38 2 7 .7 1 6 .8

Mean B.D.V. (KV). 53 4 3 .9 3 7 .0 26 .7 14 .2

S td . Dev^ ' mean) 3 .6 4 2 .9 3 .4 6 .1 6

% Low F reak s. 7 O 3 .3 3 .5 3 .3

B .D .*s to  p la te a u . 1 1 2 1 1

4# 3 , Breakdovm and the Time E ffe c t ;  S t e e l ,  Copper & Aluminium

The time t e s t s  were ca rr ied  out by ap p ly in g  across the gap a 

v o lta g e  \ih ich  was con sid erab ly  below  (25% approx.) th a t  a t  which 

the f i r s t  breakdown was exp ected  to  occu r. This v o lta g e  was 

a p p lied  for  a s p e c i f i c  time (one hour) and then in crea sed  by a 

sm all amount (u su a lly  5KV) and l e f t  for a fu rth er hour. The 

gap v o lta g e  was r a is e d  in  th is  way u n t i l  breakdown took p la c e ,  

and th e tim es a t  which th is  and th e subsequent breakdowns occu rr

ed were n o ted . The v o lta g e  was in crea sed  in  s tep s  u n t i l  the  

sparking r a te  was about two per m in ute. As the ra te  o f  spark

in g  in c r e a se d , the tim e fcr which the v o lta g e  was a p p lie d  was 

corresp on d in g ly  d ecreased  to  p rev en t, as fa r  as p o s s ib le ,  

e x c e s s iv e  su r fa c e  damage. Graph 25 shows two ty p ic a l  s e t s  

o f  r e s u l t s .
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One hour was d ecid ed  upon as th e i n i t i a l  time fo r  which the 

v o lta g e  should  he a p p lie d , as any a p p rec ia b ly  longer p eriod  

would g iv e  t e s t s  la s t in g  for days and was im p r a c tic a b le . The 

form o f th e curves o f  breakdown r a te  to  v o lta g e  su b seq u en tly  

ob ta ined  seemed to  in d ic a te  th a t i f  th e  breakdown d id  n o t occur 

in  one hour i t  was u n lik e ly  to  occur in  one day.

B efore each t e s t  the e le c tr o d e s  were resur faced  and washed in  

e th e r . I n i t i a l l y ,  hydrogen d isch a rg e  c o n d itio n in g  was used as 

in  the previous exp er im en ts, but i t  was la t e r  found th a t for  the  

tim e t e s t s  no improvement was ob ta in ed  by co n d itio n in g  in  th is  

way -  in f a c t ,  the o p p o site  tended to  be the c a se . I t  i s  

thought th a t the hydrogen d i s cliarge produce a few sp u ttere d  

p a r t ic le s  which gave an i n i t i a l  breakdown v o lta g e  low er than  

th a t  in  an uncond ition ed  t e s t .  In the e a r l i e r  experim ents which  

used  e le c tr o d e s  con d ition ed  by hydrogen d isc h a r g e , the few low  

breakdowns were accounted for under the heading "number o f  

breakdov/ns to  p lateau" .

Graph 26 shows ty p ic a l  ra te  o f  spark ing  curves ob ta in ed  fo r  

s t e e l  a t  gaps o f  0*.5rmi. I t  was obvious during the t e s t s  th a t  

a sp ark  could in flu e n c e  the su cceed in g  ra te  o f  a par Icing by 

producing su r fa ce  rou gh ness. This was shown c le a r ly  in  some 

o f  the t e s t s  when ra te  o f  spark ing in crea sed  w ith  tim e a t  a 

g iven  v o lta g e . Curve D on graph 26 shows (p o in ts  4 and 5) th a t  

a rougher su rfa ce  had produced a g r e a te r  number o f  sparks per 

h our, but the curve a ls o  in d ic a te s  th a t  the v o lta g e  s t i l l  had a 

co n sid era b le  bearing on the r a t e .  That i s ,  the sp ark in g  ra te  

does n o t in c r e a se  w ith  v o lta g e  m erely because o f  the in c r e a s in g

number o f  p reced in g  sp a rk s.
( à
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Table 12 g iv e s ,  for variou s t e s t s  on s t e e l ,  the h ig h e s t  

v o lta g e  which gave no breakiowns in  th e hour, and th e  v o lta g e  

above t h is  which gave the f i r s t  breakdown. The mean o f  th ese  

two f ig u r e s  i s  g iven  as the "no breakdown value" . On a few 

occa sio n s a spark occurred a t  a v o lta g e  below  th a t  which 

su b seq u en tly  gave no breakdowns in  one hour, (see  graph 2 6 , 

curves A & D, p o in ts  1 & 2 . ) This spark was n e g le c te d  and

con sid ered  as m erely a form o f  co n d itio n in g  -  a removal o f  lo o s e ,  

or s e m i- lo o s e , m a te r ia l.

Tables 13 and 14 con ta in  the corresponding f ig u r e s  fo r  copper 

and aluminium. Graph 27 shows the mean in s u la t io n  s tre n g th s  

ob ta in ed  fo r  the three m etals te sted *

Alurainium was a troublesom e m a te r ia l due to  th e d i f f i c u l t y  in  

o b ta in in g  a c o n s is te n t  su r fa c e . The s t e e l  and copper e le c tr o d e s  

could  be s a t i s f a c t o r i l y  and c o n s is t e n t ly  f in is h e d  on a p o lis h in g  

b u f f ,  but th is  method was not s u ita b le  fo r  aluminium due to  i t s  

s o f t n e s s .  The most c o n s is te n t  f in i s h  was ob ta in ed  by p o lis h in g  

s lo w ly  on a la th e  v/ith  smoothed 3 /o  emery paper. The m etal was 

ob ta in ed  b r ig h t and the r e s u lt s  on ta b le  14 are fo r  the e le c tr o d e s  

f in is h e d  in  th is  way.
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12 -  INSULATION STRENGTH: STEEL ELECTRODES.

Gap. mm• No. B.D. KV. 1 s t B.D, KV. No B .D .V alue , 
KV.

0 .2 5 2 0 2 2 2 1

0 .2 5 2 0 2 2 2 1

0 .2 5 24 26 25

0 .2 5 2 0 2 2 2 1

0 .5 3 4 .5 38 .6 36 .5

0 .5 3 4 .5 38 .6 3 6 .5

0 .5 3 4 .5 38 .6 3 6 .5

0 .5 3 5 .5 40.7 3 8 .1

0 .5 3 5 .5 40 .7 3 8 .1

0 . 8 4 5 .9 5 1 .0 48 .4

0 . 8 4 9 .0 52 .0 50 .5

0 . 8 5 1 .0 52 .0 5 1 .5

0 . 8 4 5 .9 49 .0 4 7 .4



aABLE 13 -  INSULATION STRENGTH: COPPER ELECTRODES.

Gap. mm. No B.D.(ICV.) 1 s t  B.D. (KV.) No B.D. Value

0 .5 2 5 .2 3 0 .3 2 7 .7

0 .5 2 5 .2 3 0 .3 2 7 .7

0 .5 2 5 .2 3 0 .3 2 7 .7

1 . 0 56 .1 61 .3 5 8 .7

1 . 0 5 1 .C 56 .1 5 3 .5

1 . 0 5 1 .Q 56 .1 5 3 .5

TA.BLE 14 -  INSULATION STRENGTH: BRIGHT ALUIvIINIUM. ELECTRODES .

Gap. mm. No B.D.(KV) 1 s t B.D. (KV. ) No B.D. Value 
(KV. )

0 .5 3 2 .4 36 . 6 3 4 .5

0 .5 3 2 .4 3 5 .6 3 4 .0

0 .5 3 2 .4 36 . 6 3 4 .5

1 . 0 4 6 .G 4 9 .0 4 7 .5

1 . 0 40 .7 4 2 .9 4 1 .8

1 . 0 4 0 .7 4 4 .0 4 2 .3

1 . 0 4 6 .0 4 8 .5 4 7 .2

Much h igher breakdown v o lta g e s were ob ta ined i f  the

aluminium e le c tr o d e s  were f in is h e d  u sin g  l iq u id  m eta l p o l is h  

in s te a d  o f  3/ q emery p ap er. This made the e le c tr o d e s  sm oother, 

but d u l le r ,  and a sk in  seemed to  be formed on the s u r fa c e .
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The r e s u l t s  obtained  a f t e r  th is  type o f f in i s h  were h igh er  than  

w ith  the o th e r , but ra th er  in c o n s is t e n t ,  ( ta b le  1-^). V/hen the  

aluminium e le c tr o d e s  were f in is h e d  w ith  3 /0  emery paper i t  was 

u s u a lly  found th a t the f i r s t  breakdovm v o lta g e  was the h ig h e s t  

v o lta g e  th a t the gap would w ith stan d  -  the subsequent breakdowns 

occu rrin g  a t  lower v o lta g e s . With the raelB.1 p o l is h  f in i s h  

howevs r ,  curves o f  breakdown ra te  to  v o lta g e  were ob ta ined  fo r  

the two t e s t s  having the lo w est breakdown v o lta g e s ,  ( ta b le  l4 b ,

A & B ) .

The above m entioned phenomena were probably due to  aluminium  

oxide on the e le c tr o d e  s u r fa c e s . Those e le c tr o d e s  which were 

m etal p o lis h  f in is h e d  had probably a tough sk in  o f  ox id e -  the  

variou s th ick n e sse s  perhaps accou n tin g  for the h ig h , but in co n 

s i s t e n t ,  breakdown v o lta g e . (The e le c tr o d e s  in  th e se  t e s t s  

were n o t con d itio n ed  by hydrogen d isch arge  (se e  page 6 â  , and i f  

th ey  had been , the hydrogen would n o t have reduced the aluminium  

o x id e ) .  V/hen the m etal p o lis h  was te s t e d  su b se q u en tly , i t  was 

found to  con ta in  an a llc a li  s a l t  which would r e a c t  w ith  the  

aluminium to  g iv e  the o x id e .

TkBlM  14b- INSULATION STRENGOH: ALUMINmi WITH îvETAL POLISH
______________________________________________FINISH. ___________

Gap.mm. No B.D.(KV.) 1 s t  B.D.(KV) No B.D. Value (KV.)

A 1 .0  5© 55 5 2 .5

B 1 .0  45 50 4 7 .5

1 . 0  60 62 61

1 .0  6  5 70 6 7 .5
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4 . 4# O sc illo g r a p h ic  S tu d ies  o f  Spark Breakdown:

S t e e l . Copper and Aluminium.

O sc illo g r a p h ic  s tu d ie s  o f  th e spark cu rren t were made u sin g  

the c i r c u i t  shown on f ig u r e  10 w ith  a Southern Instrum ents 

tr a n s ie n t  recorder (T .R . 1 0 ) .  The o sc il lo g r a p h  tim e base was 

tr ig g e r e d  by the v o lta g e  to  be recorded which was then d elayed  

by p a ss in g  through a matched d e la y  c a b le .

A study was made o f  the spark  cu rren t fo r  d i f f e r e n t  gaps and 

s e r ie s  r e s is ta n c e  (Rg) for s t e e l  e le c tr o d e s .  P la te  10 shows a 

ty p ic a l  o sc illo g ra m  w ith  a sm a ll r e s is ta n c e  in  s e r ie s  w ith  the  

gap. The current can be con sid ered  in  two p arts -

(a ) I n i t i a l l y ,  the cap acitan ce  to  ea r th  o f  the h ig h  v o lta g e  

e le c tr o d e  and con n ection s d isch arged  s e t t in g  up a h ig h  frequency  

o s c i l l a t io n  w ith  th e c ir c u i t  in d u ctan ce .

(b ) The cap acitan ce C d isch arged  through Rg and th e  gap .

Process (a )  was seen  (p la te  11) to  l a s t  approxim ately  0*1 m icro

seco n d s. The spark current i s  taken to  be th a t  o f  p rocess (b ) 

which was governed p r im a r ily  by the c i r c u i t  co n sta n ts  G and R g . 

The a rc  ex tin g u ish e d  a t  about 0 .5  am peres, which i s  c a l le d  the  

chopping v a lu e , and i f  the s e r ie s  r e s is ta n c e  (Rg)  was in crea se d  

to  a va lu e  such th a t  the maximum cu rren t a v a i la b le  from condenser  

C was o f  the order o f  the chopping v a lu e s ,  or l e s s ,  th e breakdown 

current c o n s is te d  on ly  o f  the d isch arge  o f  the gap cap acitan ce  

(p rocess (a ) -  p la te  1 2 ) .  O cca s io n a lly  s e v e r a l su ch  *suppressec? 

breakdowns were ob ta ined  on th e one o sc illo g ra m  (p la te  1 3 ) .

Ih b les 1 5 , 16 and 17 g iv e  (fo r  s t e e l ,  copper, and aluminium

r e s p e c t iv e ly )  the peak cu rren ts and chopping v a lu es  w ith  IILJV 
s e r ie s  r e s is ta n c e  and various gap s e t t i n g s .  The mean chopping



cu rren ts fo r  the th ree  m eta ls are p resen ted  on ta b le  1 8 .

The ta b le s  1 5 , 16 and 17 show a wide v a r ia t io n  in  chopping  

current for each m etal and sp a c in g , and ta b le  18 shows th a t  the  

mean chopping cu rren t does n o t vary c o n s is t e n t ly  w ith  the gap 

s e t t in g .  This in d ic a te s  th a t the arc ex tin g u ish e d  a t  a cu rren t  

valu e which was probably more dependent on the m icro sco p ic  

geometry and su r fhce co n d itio n  a t  the em ittin g  p o in t ,  or p o in t s ,  

than on the gap sp a c in g . The f ig u r e s  fo r  s t e e l  ( ta b le  18) 

In d ica te  a la rg er  chopping cu rren t a t  the sm aller  s p a c in g s . 

Comparing the mean chopping cu rren ts fo r  th e th ree m etals a t  

0.5mm. sp a c in g , i t  i s  seen  th a t the v a lu es for  s t e e l  and 

aluminium are s im ila r ,  and l e s s  than h a l f  th a t for copper.

The vacuum arc occurs in  the m etal vapour which i s  produced

by the bombardment o f  the cathode by p o s i t iv e  io n s from the a r c .

(5 8 , 5 9 ) .  The mean e x t in g u ish in g  cu rren ts h e r e , for copper,

are about 50^ la r g e r  than the minimum a rc  cu rren t g iv en  by Holm

(59) (0 .4 3  amp.) for a normal atm osphere. No f ig u r e s  have been

obtained  for the minimum a rc in g  current for s t e e l  and alum inium ,

b u t the va lu es for iron  ( .3 5  -  .5 5  ampere) and carbon (0 .0 1

ampere) would lea d  one to  ex p ect a lower minimum cu rren t for

s t e e l  than fo r  copper. Holm (59) a ls o  m entioned th a t  a

mimlmum a rc in g  current o f  1 2  amperes could  r e a d i ly  be obtained

w ith  w e ll  ou tgassed  copper e le c tr o d e s  in  a vacuum b e t t e r  than

10 '“^mm. o f  m ercury. The e le c tr o d e s  in  the t e s t s  d escr ib ed  here
—5were n o t ou tgassed  and a t  a p ressu re  l e s s  than ID" mm. o f  

m ercury.
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TABLE 18 - Î.IH1AN CHOPPING CURRENTS •

M eta l. Gap.(mm.) No • o f
Measurements.

Mean Chop 
Current (amp.)

S t e e l 0 . 2 lO 0 .5 1
ti 0 .3 5 0 .5 2
ti 0 .5 5 0 .3 2
11 0 .5 1 0 0 .3 1

Copper 0 .5 1 2 0 .7 4
ti 1 . 0 14 0 .6 7

Aluminium 0 .5 15 0 .2 9
11 1 . 0 15 0 .3 5



4 .  5 .  The Glow Voltap;e and Qsclllo.ryraphio S tu d ies  o f  the

Glow Breakdown: Copper.

The glow phenomenon exp erienced  on d . c .  t e s t s  was s im i la r  to

th a t  on a . c .  t e s t s  w ith  r e sp e c t  to  the v i s i b l e  in d ic a t io n s  (p la te

5 ) ,  glow v o l ta g e ,  and current v a lu e s .  Graph 28 shows th ree

curves o f  glow v o lta g e  to gap spacing  obtained in  the order

in d ic a te d .  Curve (a) was s ta r t e d  w ith  th e  e le c tr o d e s  u n con d itio n -
—5

ed and a t  a pressu re  o f  7 x 10> mm. o f  Hg., which was th e  approx

imate pressure  in  a l l  the d . c .  experim ents. The p o in ts  on the  

curves were taken in  sequence as numbered, and the spread o f  

r e s u l t s  for  each i s  in d ic a te d  a t  the p a r t icu la r  p o in t .  I t  has 

been su ggested  p r ev io u s ly  th a t  t h i s  phenomenon was a t t r ib u ta b le  

to  adsorbed la y ers  which can ap paren tly  be w h o lly ,  or p a r t i a l l y ,  

removed by the glow breakdown i t s e l f  to  g iv e  a higher glow  

v o l ta g e .  A fte r  the r e s u l t s  o f  p o in t  3 on curve (a) were taken  

the glow v o lta g e  a t  3 mm. was r a is e d  by s u c c e s s iv e  glow break

downs to  50KV. The r e s u l t s  o f  curves (a), lb), and (c) were obtained  

on s u c c e s s iv e  d ays . The m aintained pressu re  in  the system  in  

each case rose to  approxim ately  0 .5  mm. o f  Hg. B efore s t a r t in g  

the t e s t  represented  by curve cC) the glow v o lta g e  a t  a gap o f  

1 mm. was r a is e d  from 45 KV. to  52 îO/.

The form o f  the curve o f  glov/ v o lta g e  to  e le c tr o d e  spacing  

is  s im ila r  to th a t  obtained  from the a . c .  experim ents (graph 1 8 ) ,  

r i s in g  q u ite  ra p id ly  from 1 to  3 mm. gap then f la t t e n in g  o f f .  

Comparing graphs 18 and 28b i t  i s  seen  th at a lth ou gh  the genera l  

form is  the same, the glow v o lta g e  g iven  by curve 28b i s  h igher  

for the in term ed ia te  e le c tr o d e  s p a c in g s . The d ischarge
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o ir c u i t r y  was s im i la r  for both  c a s e s ,  and the number o f  glow  

breakdowns for  each gap s e t t i n g  was approxim ately the same.

In the d #c . case (curve 28b) there  was b e t te r  b a f f l in g  between  

the d i f f u s io n  pump and the h igh  vacuum chamber , and i t  seems 

probable th a t  the d i f fe r e n c e  in  the two curves was due to  

read sorp tion  o f  pump vapour. This i s  in  agreement w ith  the  

f in d in g s  o f  s e c t io n  3 . 3 . 2 .  The readsorption  phenomenon would 

be emphasised on a # c .  i f  one p a r t ic u la r  p o la r i t y  o f  e le c tr o d e  

in f lu e n c ed  the glow v o lta g e  more than the other s in c e  each  

e le c tr o d e  would be p o s i t iv e  and n e g a tiv e  in tu rn .

I t  i s  seen how the glow v o lta g e  can r e a d i ly  be r a is e d  by glow  

c o n d it io n in g  and the o s c i l lo g r a p h ic  study which fo llo w ed  was made 

w ith  the o b jec t  o f  determ ining the v a r ia t io n  o f  glow current w ith  

gap sp a c in g ,  s e r ie s  r e s i s t a n c e ,  and th ick n ess  o f  adsorbed gas or 

vapour.

The o s c i l lo g r a p h ic  study o f  glow breakdowns was made u sin g  

the c i r c u i t  shown on f ig u re  11 . The on ly  s i g n i f i c a n t  d i f fe r e n c e  

between th is  and the previous c i r c u i t  ( f i g .  8 ) was the e l im in 

a t io n  o f  the 10 Megohm r e s i s t o r  a t  p o in t  A. This gave a la rg er  

d ischarge capacitance (approx. and more s ta b le  r e s u l t s #

As the current p u lse  was much slow er than in  the spark breakdown 

c a s e ,  the d e lay  cable was d isp en sed  w ith  and a Goss or o s c i l l o 

graph used . P la te  14a shows a t y p ic a l  o sc il lo g ra m  o f  the current, 

The peak va lue and duration  o f  th e  p u lse  were taken to  be i t s  

main c h a r a c t e r i s t i c s ,  and ta b le  19 g iv e s  the measurements on two 

ty p ic a l  t e s t s .  Table 20 g iv e s  a summary o f  the o s c i l lo g r a p h  

t e s t s  a t  the two gap s e t t in g s  and w ith  various va lu es  o f  s e r ie s  

r e s is t a n c e  and glov; v o l ta g e .  D i f f e r e n t  va lu es  o f  glow v o lta g e
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a t  the same e le c tr o d e  sp acin g  i s  taken to  in d ic a t e ,  on the  

b a s is  o f  the e a r l i e r  premise (p age5 8 ), d i f f e r e n t  ^ th ic lm e s se s * 

o f  adsorbed gas or vapour. The glow v o lta g e  a t  a g iv en  sp ac in g  

was r a is e d  when d e s ir e d  by causing a con sid erab le  number o f  glow  

breakdowns, (see  page 8 0 ) .  The s e r ie s  r e s is ta n c e  in  t h i s  case  

i s  the sum o f  Rg and ( f i g .  1 1 ) .

The e f f e c t  o f  the various parameters on the glow cu rren t w i l l  

be considered  s e p a r a te ly ,  using th e  f ig u res  on ta b le  2 0 .

(a) The E f fe c t  o f  Gap Spacing (Table 20 , B.& E .)

The e f f e c t  o f  gap spacing on the p u lse  am plitude and d uration  

for s im ila r  glow v o lta g e  and s e r ie s  r e s is ta n c e  i s  seen  to  be 

n e g l i g i b l e •

(b) The E f f e c t  of Plow Voltage (Adsorbed Thickness Table 20'^
G.& E.

The e f f e c t  o f  adsorbed th ick n ess  for s im ila r  gap sp acings and 

s e r ie s  r e s is ta n c e  i s  n e g l ig ib le  over the range t e s t e d .

(c ) The E f f e c t  o f  S e r ie s  R es is ta n ce  (Table 20, D. & B, )

An in crea se  o f about 15 times in  the s e r ie s  r e s is t a n c e  

decreased  the glow current to  approxim ately one th ir d  and alm ost  

doubled the duration  o f  the p u ls e .  This e f f e c t  would seem to  

be due to  the v o lta g e  s e n s i t i v i t y  of the glow a t  any p a r t ic u la r  

^thic)m es3 * o f  adsorbed gas or vapour. V/hen the glow occu rs ,  

the v o lta g e  across  the gap w i l l  f a l l  because o f the p o te n t ia l  

drop in  the s e r ie s  r e s is ta n c e  and the decrease  in  the v o lta g e  

across the condensers ( G] and C. ,  f i g .  1 1 ) due to  the lo s s  o f  

charge. The amplitude o f  the glow current i s  in t h i s  v/ay 

l im ite d  mainly by the s e r ie s  r e s i s t a n c e ,  and s in c e  the consequent 

ra te  o f  lo s s  o f  charge from the condenser i s  l e s s  for the larger
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r e s i s t a n c e ,  the p u lse  l a s t s  lo n g er .

Copper m s  the only m etal o f  the th ree  t e s t e d  vÆiich gave 

c o n s is t e n t  glow phenomena, but on rare occasion s  glow phenomena 

were seen with both s t e e l  and aluminium a t  la rge  gaps ( 5  -  6 mm. ) 

and h igh  v o lta g e s  (60-7GICV. ) .

19 -  GLOW CURRENT.

Gap S e t t in g -  2 mm.

S e r ie s  R es is ta n ce Glow Voltage Peak Current Pulse DuF^*
(ÎCV.) t  m. amp. y t  m. s e c .

9 .15  Klfv 6 5 .5 2 . 2 3 .7 5
It 6 6 .Q- 5 .6 3 .5
If 6 3 .5 4 .3 3 .0
!I 6 7 .0 5 .2 3 .7 511 6 7 .0 3 .9 3 .2 5If 6 8 . 0 ' 4 .3 4 .0
tl 6 8 .5 4 .3 4 .25

6 8 .5 3 .9 3 .95
tf 6 9 .5 4 .7 3 .75
11 6 9 .0 4 .3 2 .5

139K^ 6 8 1#3 5 .0
It 6 8 1 .5 5 .5
11 6 8 1 .3 5 .5
ft 69 1 .4 7 .0II 69 1 .4 6 . 0
11 69 1 .3 6 .25
11 69 1 .3 6 .2 5
11 69 1 . 2 6 .7 5
11 6 9 .5 1 .4 6 .7 5
11 6 9 .5 1 .4 6 .25

OABLE 20 -  MEAN GLOW CURRENT.

Index L etter Gap mm• S e r ie s  R es is ta n ce  Mean Glow Mean Peak Mean
(KV.) Volt. ,Current dur^ •

m. amp. m .s e c ,

A 2 159ÏCA- 59 1.06 6 . 0 0
B 4 15 9K^ 70 1 .25 7 .5
C 2 159K^ 58 1 .3 7 .1
D 2 9.15K^ 6 7 .5 4 .3 3 .5
E 2 13 9K^ 6 8 . 8 1 .3 6 . 1
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4 .  6 . The Glow and Spark w ith  Mixed E le c tr o d e s .

Experiments were ca r r ied  out w ith  mixed e le c tr o d e  m etals o f  

copper and s t e e l .  The e le c tr o d e s  v/ere resu rfaced  between each  

o f  the four t e s t s  which are  summarised on Table 21 . There was 

no c o n d it io n in g ;  the p o s s i b i l i t y  o f  m etal tr a n s fe r  during the  

hydrogen d isch arge  was thus p revented . In each o f  the t e s t s  

the gap v o lta g e  was r a is e d  to  70ÎCV., or the maximum p o s s ib l e ,  

and any phenomena which occurred was n o ted .

Table 21 shows th a t  the glow phenomenon was obtained whether 

the copper e le c tr o d e  was the anode or th e  cathode. Glow break

down was obtained  in  three o f  the four t e s t s  but i t  was most 

in c o n s i s t e n t .  The v o lta g e  in  the fou rth  was l im ite d  by sparking, 

which would tend to  con d ition  the e le c tr o d e s  to  a h igh  glow  

breakdown v o l ta g e .  With a copper anode and cathode the glows 

s ta r te d  to  occur a t  approxim ately  the same v o l t a g e ,  and the glow  

v o lta g e  then in crea sed  s lo w ly  w ith  s u c c e s s iv e  breakdowns. With 

mixed e le c tr o d e s  the co n d it io n in g  p rocess i s  seen  to  have been 

very r a p id .  From th ese  co n sid era tio n s  i t  would appear th a t  

both  the anode and the cathode co n tr ib u te  to  the c o n s is t e n t  glow  

exp er ienced  w ith  copper e le c t r o d e s .

The ob servation s  regarding the sparking v o lta g e  (Table 2 1 ) ,  

to g e th er  w ith  the fa c t  th a t  copper e le c tr o d e s  have a much lower 

breakdown v o lta g e  than s t e e l  e le c tr o d e s  (graph 2 2 ) ,  in d ic a te  

th a t  the anode m a te r ia l  has th e  more in f lu e n c e  on the value o f  

the sparking v o l ta g e .
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mBIE 21 -  MIXED ELECTRODES.

(T ests  w ith  Mixed E le c tr o d e s ,  Copper and S t e e l ,  1 mm. gap. 

Phenomena seen when gap vol tage  r a i s ed to  7QKVt )_________

Anode Cathode Spark Phen Glow Phen.

F S t e e l Copper 1 a t  55KV. then  
gap vriths tood to
70 la^

1 a t  53 KV. 
( f a in t )

G Copper S t e e l B.D. a t  35 , 39, 
50 -  then would 
w ithstand  50KV 
w ith  e le c tr o d e s  
very rourÿl'i.

Glow a t  40, 44, 
49 ( a l l  f a i n t ) ,  
(v o lta g e  l im ite d  
by sparking to  
50KV.1

H S t e e l Conner B.D. a t  52 , 55, 
59, 56 , 6 5 , 65 
then w ith stood  
70'ICV.

Glow a t  6 2 .5 ,
6 8  (both f a in t .  )

J Copper t e e l Apparent p la tea u  
reached a f t e r  
12 B .D^s . Lfe,x. 
B.D.V. 6 5 .5  KV.

None v i s i b l e  up to  
6 5 .5  KV. ( l im ite d  
by sparJcing)
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5 .  C on clu sion s .

5 .  1 . G eneral.

I t  has been shovm th a t hydrogen d isch arge  c o n d it io n in g  can be 

s a t i s f a c t o r i l y  used in  system s which are evacuated by o i l  

d i f f u s io n  pumps, and s u i t a b le  va lu es  o f  the d isch arge  current  

d e n s ity  have been determined for the three  m etals t e s t e d ,  ( s t e e l  

-  0 .2 5  amperes/cm , copper -  0, .125 amperes/cm. , aluminium -  

0.Q6 amperes/cm.""). A r in g  o f  sp u ttere d  m etal was formed when 

a d isch arge  current o f  1  ampere (0 .25  am peres/cm .^) v/as used w ith  

copper e l e c t r o d e s .  Guntherschultz (64) g iv e s  the fo l lo w in g  

f ig u r e s  for the sp u ttered  mass in  micrograms per ampere-second  

in  hydrogen. Aluminium 3 , ir o n  1 9 , copper 8 4 , -  s t e e l  i s  n o t  

g iv e n .  In the experiments d escr ib ed  here in  which aluminium  

e le c tr o d e s  v/ere u sed , the d isch arge  current was l im ite d  by 

m elt in g  o f  the s u r fa c e s .  (M elting p o in t  o f  aluminium -  660^C). 

The t e s t s  in  which in d u ction  h ea tin g  ' co n d it io n in g  * was employed 

demonstrated the c e r ta in ty  o f  the Apiezon pump vapour cracking  

on the red hot e le c t r o d e s ,  and emphasised the n e c e s s i t y  o f  a 

co ld  trap  when such methods o f  co n d it io n in g  are being  used w ith  

o i l  vapour pumps. This form o f  o u tga ss in g  was not t r ie d  

su b seq u en tly  when the cold  trap  had been f i t t e d ,  as s a t i s f a c t o r y  

co n d it io n in g  had a lread y  been obtained  in  a s im pler way by  

running a hydrogen d isc h a r g e .

The d . c .  experiments w ith  various va lu es  o f  s e r ie s  r e s is t a n c e  

showed the c r i t e r io n  for complete breakdown to  be th a t  the  

s e r ie s  r e s is t a n c e  should be sm all enough to  perm it a current
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o f  about 0 .4  ampere to  f low  from the supply c i r c u i t .  I f  a 

la r g e r  r e s is ta n c e  was u sed , the gap cap acitan ce  d ischarged  a t  

breakdovm but there  was no * fo llow * current from the su p p ly .

This bears out the experiments o f  G le ichauf and Leader and adds 

co n sid erab ly  to  the in form ation  they  p resen ted . E lec tro d es  o f  

s t e e l ,  copper and aluminium were used and the value o f  current  

a t  which the arc ex t in g u ish e d  for d i f f e r e n t  gaps was determ ined. 

These r e s u l t s  in d ic a te d  th a t the * chopping* current depended 

more on the m icroscop ic  geometry a t  the spark ro o t  on the cathode  

than on the gap sp a c in g .

Leader found th a t  h is  spark current under impulse co n d it io n s  

ex t in g u ish e d  a t  about Q>,25 ampere. I f  h is  s e r ie s  r e s is t a n c e  

was la r g e  enough to  prevent t h i s  value o f  current from f lo w in g ,  

the spark current c o n s is te d  on ly  o f  the d ischarge o f the gap 

cap acitan ce  which could be repeated  (see  p la te  13 -  suppressed  

d isch a rg es  under d .c#  c o n d i t io n s ) .  As su g g ested  by Leader, 

the s e r ie s  r e s is t a n c e  e f f e c t  does take p la ce  under d . c .  

c o n d it io n s ,  and i t  seems probable th a t  t h i s  phenomenon can 

account for some o f  the d i f f e r in g  in form ation  \'vhich has been 

p u b lish ed  on h igh  vacuura breakdown. I f  a galvanometer was used  

as a means o f  in d ic a t in g  breakdown in  a t e s t  w ith  h igh  s e r ie s  

r e s i s t a n c e ,  i t  would read the in te g r a te d  current o f  a su c c e ss io n  

o f  incom plete breakdowns. I t  i s  more l i k e l y  th a t  the su r fa ce  

roughness, which has here been shown to  occur when the breakdown 

i s  suppressed  (p la te s  3 and 4 ) ,  accounts for th e  w id e ly  varying  

r e s u l t s  obtained  by some previous i n v e s t i g a t o r s . By u s in g  a 

high  r e s is t a n c e  in  s e r ie s  w ith  the gap during a breakdovm run.
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a p la tea u  can be a t ta in e d  in  the v o lta g e  readings which i s  

co n s id era b ly  below th a t  a t ta in e d  when the s e r i e s  r e s is t a n c e  i s  

n e g l i g i b l e .  Graph 17 g iv e s  two curves o f  breakdown v o lta g e  -  

gap sp acin g  for the same m etal but d i f f e r e n t  s e r i e s  r e s i s t a n c e .  

The d .c#  experim ents vh ich  determined the spark e x t in c t io n  

cu rren t (approx. 0 .4  ampere) agreed w ith  the a . c .  s e r ie s  r e s i s t 

ance exp erim en ts . The a . c .  t e s t s  w ith  a r e s is t a n c e  o f  lOOKn. 

(peak d isch arge  current 0 .5  ampere, assuming a breakdown v o lta g e  

o f  50ÎTV) or more, had la rg e  standard d e v ia t io n s  or low breakdown 

v o lta g e s  ( ta b le s  5 and 7 ) .  Those experiments w ith  50;Kftin s e r ie s  

w ith  the gap ( 1 . 0 0  amp.) had co m p ar it ive ly  s h e l I I  standard  

d e v ia t io n s ,  but the maximum breakdown v o lta g e s  were rather low  

( ta b le  5 ) .  U n fortun ate ly  in  some of the p ub lished  w ork the  

c i r c u i t  elem ents are not s p e c i f i e d ,  and th i s  la ck  o f  d e t a i l  i s  

a l s o  common in  the p r ese n ta t io n  o f  breakdown v o lta g e  f ig u r e s  -  

no mention i s  made o f  whether the value g iven  i s  the maximum 

a t ta in e d ,  the mean, or the v o lta g e  which could  be w ith stood  over 

a long p er io d . Few re feren ces  conta in  in form ation  as regards  

the co n s is te n c y  o f  the r e s u l t s .

In cases o f  sm all in t e r e le c t r o d e  cap acitan ce  and h igh  s e r ie s  

r e s is ta n c e  i t  seems con ce ivab le  th a t phenomena such as a 

luminous p a r t i c l e  f l y in g  from cathode to  anode (TI, 14 , 78) should  

be seen rather  than a spark b r id g in g  the gap. B en net, (19) 

who used a s e r i e s  r e s is t a n c e  o f  1 0  IvLa, mentions in  accordance  

w ith  the f in d in g s  here (page 53) th a t  breakdown produced 

subsequent h igh  f i e l d  e m is s io n , but Anderson (32) s ta t e d  th a t  

8 parking w ith  a more pov/erful source than h is  e l e c t r o s t a t i c
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generator gave se r io u s  roughening. No mention i s  made however

o f  the r e s is ta n c e  in  s e r i e s  w ith  the so u r c e .

The p resen t work, which has shown the e f f e c t  o f  breakdown

occurring  when th ere  i s  la rg e  s e r ie s  r e s i s t a n c e ,  su g g e s ts  th a t

in  equipment where such co n d it io n s  e x i s t  and f a i lu r e  i s  b e in g  

ex p er ien ced , the trou b le  may be removed by sparking w ith  a h igh  

v o lta g e  c i r c u i t  having a low s e r ie s  impedance.

C o n sis ten t  spark breakdovm v o lta g e s  have been obta ined  fo r  

s t e e l ,  copper and aluminium e le c tr o d e s  under a . c .  co n d it io n s  

and corresponding experiments under d . c .  con d itio n s  showed the  

importance o f  the ra te  o f  r i s e  o f  v o l t a g e ,  i . e .  the time e f f e c t .  

The h ig h e s t  ra te  o f  in crea se  o f  v o lta g e  was during the a . c .  t e s t s  

(zero  to  maximum v o lta g e  in  ^ c y c le ,  5 x lG "^second). This 

w i l l  be d isc u sse d  la t e r  in s e c t io n  6 .3 .  The experiments which 

were in f lu e n c ed  l e a s t  by the time e f f e c t  were th o se  w ith  the  

h ig h e s t  ra te  o f  r i s e  o f  a p p lied  v o l t a g e , and con seq u en tly  the  

f ig u r e s  obtained during the a . c .  t e s t s  have been used when 

co n sid er in g  the breakdown mechanism. These t e s t s  have shown 

standard d e v ia t io n s  o f  the order o f  4 ^  ( ta b le  5) under the b e s t  

c o n d it io n s ,  and th ere  i s  consequently  an ap p rec iab le  d i f f e r e n c e  

betv/een the maximum and the average breakdovm v o lta g e  in a t e s t .  

This s c a t t e r  in  the r e s u l t s  was due to  a change in  th e  s t a t e  o f  

e i th e r  the anode or the cathode su rfa ce  caused by s u c c e s s iv e  

breakdowns. The exp erim en ts , in  p a r t ic u la r  those  showing the 

e f f e c t  o f  h igh  s e r ie s  r e s is ta n c e  and the consequent su rfa ce  

roughening, in d ic a te  th a t  i t  i s  the change in  the surfb.ce 

geometry a t  the p o in t on the cathode where breakdown occu rs .
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v/hich i s  the predominant cause o f  the d e v ia t io n .  From such  

c o n s id e r a t io n s ,  i t  fo llo w s  th a t  the maximum breakdown v o lta g e  

would be obtained  when the cathode roughening was a t  a minimum. 

That i s ,  the m icroscop ic  su r fa ce  g rad ien t a t  the cathode was 

n e a r e s t  th e  average g ra d ien t when the breakdown v o lta g e  was a t  

i t s  maximum. For t h i s  reason i t  i s  the maximum a l t e r n a t in g  

breakdown v o lta g e s  which have been con sidered  in  the d is c u s s io n  

on the d isch arge  mechanism.

The maximum a l t e r n a t in g  breakdown v o lta g e  obta ined  a t  gaps o f  

1mm. (the f ig u r e  for s t e e l  by e x tr a p o la t io n  on graph 29) i s  

g iven  here a lo n g  w ith  the r e s u l t s  o f  previous in v e s t ig a t o r s .

1mm. gap Copper Aluminium S t e e l

Denholm ( a . c .  GKV/sec. ) 6 8 .5  KV 78. KV 95 1{V

Anderson (32) 37 KV 41 KV 122 KV

Trump & Van de G raaf(39) -  -  110) KV

The experiments d escr ib ed  here have shown th e  importance o f  the  

ra te  o f  r i s e  o f  v o l t a g e .  The f ig u r e s  g iven  by Anderson and 

Trump e t  a l  were obtained  u sin g  d . c .  and the ra te  o f  r i s e  o f  

v o lta g e  i s  not g iv e n . The author*s f ig u r e s  g iven  above were 

obtained w ith  Apiezon vapour p resen t  and the t e s t  w ith  the co ld  

trap gave an in crea se  in  the breakdov/n v o lta g e  o f  8 JÎ. The 

f ig u re  g iven  by Leader (48) for the impulse breakdown vo lta g e  

between s t e e l  spheres a t  a gap o f  0 . 3 mm. was 14 KV. This 

compares w ith  48 KV ( a . c . )  and 38 KV ( d . c . , 6 îCV/second) obtained  

in  the p resen t experim ents. From the e f f e c t  o f  time o f  duration  

o f  v o lta g e  a higher impulse breakdown value would be ex p ected .  

There has n e v e r ,  as far as i s  Imown, been any su gg ested  reason  

why the breakdown v o lta g e  in  h igh  vacuum under impulse
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co n d it io n s  should he lower than th a t  under d . c .  c o n d i t io n s ,  and 

i t  seems p o s s ib le  th a t  Leader*s r e s u l t s  were confused by su r fa c e  

rou gh ness .

The p resen t experiments in d ic a te  th a t  s t e e l  i s  the b e s t  

m a ter ia l  to  use for  the p revention  o f  h igh  vacuum breakdown. 

Aluminium e le c tr o d e s  can have a h igh er  in s u la t in g  s tr e n g th  ( i . e .  

w ith  r e s p e c t  to  the e f f e c t  o f  duration  o f  v o lta g e  -  graph 27}  

but they are more r e a d i ly  damaged by a breakdown when i t  o ccu rs .  

This i s  in  accordance w ith  the f in d in g s  o f  Mcîdbben and 

Beauchamp (page 24) and i s  a lm ost c e r ta in ly  due to  a tough sk in  

o f aluminium oxide which forms on the e l e c t r o d e s ,  g iv in g  a h igher  

breakdown v o lta g e  than for pure aluminium. When a spark occurs  

in  h igh  vacuum and the s o f t  aluminium i s  exposed , the subsequent  

breakdowns are a t  a much lower v o l t a g e .  From th e  work o f  

Llev/ellyn Jones and de la  P e r e l le  (65) on e le c tr o d e s  coated  w ith  

o x id e , i t  might be exp ected  th a t  the presence o f  oxide would 

d ecrease  the breakdown v o l ta g e .  Their work showed t h a t  

e le c tr o n s  could be drawn from the oxide co a t in g  a t  much lower 

f i e l d  stren g th s  than from the pure m e ta l ,  and they proposed th a t  

the i n i t i a t o r y  e le c tr o n s  for the impulse spark in  a i r  came from 

th is  sou rce . I t  has been su g gested  here th a t  breakdown in  high  

vacuum occurs a t  the h igher v o lta g e s  due to  the * clump* mechanism 

(Cranberg) and a t  the lower v o lta g e s  (and higher cathode f i e l d  

s tr e n g th s )  due to  the h igh  current d e n s ity  on a p r o je c t io n .  I t  

i s  q u ite  f e a s ib le  th a t  an in crea sed  e le c tr o n  em ission  g en era l to  

the whole cathode su r fa ce  would have l i t t l e  e f f e c t  on e i t h e r  o f  

the above p o r c e s s e s . I t  has been shown by other in v e s t ig a to r s
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( 6 6 ) th a t  the presence o f  oxide on aluminium d ecreases  very  

co n s id era b ly  the r a te  o f  s p u t te r in g  caused by bombardment by 

p o s i t i v e  io n s ,  and i t  i s  thought th a t  the in c r e a se  o f  breakdown 

v o lta g e  in  h igh  vacuum due to  aluminium oxide i s  probably due to  

s im i la r  reasons*

The va lu es  o f  breakdown v o lta g e  obta ined  here during the a * c .  

experim ents and those obtained  by previous in v e s t ig a to r s  (a p a r t ,  

perhaps, from Tomas chews ky ) can not be s a t i s f a c t o r i l y  used in  

the d es ig n  o f  equipment w ithout fu r th er  in form ation  on the e f f e c t  

o f  time o f  a p p l ic a t io n  o f v o l t a g e .  The r e s u l t s  obtained from 

the d .c*  t e s t s  and g iven  on graph 27 ( I n su la t io n  S trength) are  

s u i t a b le  for d es ign  purposes. Such in form ation  has n o t ,  as far  

as i s  known, been p rev io u s ly  o b ta in ed . Tomaschewsky gave a 

f ig u r e  o f  4QKV/mm. as the average grad ien t which a h igh  vacuum 

gap could  w ithstand  w ith ou t r igorous c o n d it io n in g .  He obtained  

t h i s  f ig u r e  from experim ents a t  1 im . and 3 .5  mm. gaps w ith  

e le c tr o d e s  o f variou s geom etries and m a ter ia ls  and w ith  some 

o u tg a ss in g  (see  page 5 ) .  The curves (graph 27) show th a t  to  

g iv e  one average breakdovm g ra d ien t for the h igh  vacuum gap, 

i r r e s p e c t iv e  o f  e le c tr o d e  sp acin g  or m a te r ia l ,  i s  n o t  s a t i s f a c 

to r y .  The average gra d ien ts  v;hich the s t e e l  e le c tr o d e s  could  

w ith stan d  a t  gaps o f  0 .2 5  mm. and 1 mm. were 8 8  KV/mm. and 

5 3 .5  ICV/mra. These f ig u r e s  v/ere obtained  w ith ou t c o n d it io n in g .  

The experim ents o f  Tomas chews ky do n o t seem to  be mentioned in  

the E n g lish  l i t e r a t u r e  on h igh  vacuum breakdown.

The maximum breakdown v o lta g e  f ig u r e s  ob ta ined  on a . c .  

in d ic a te d  the advantages o f  p rec o n d it io n in g  w ith  a hydrogen 

d isch a rg e  for ob ta in in g  curves o f  maximum v a lu e s .  However, the
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r e s u l t s  o f  the d . c .  ra te  o f  sparking experim ents showed th a t  as  

far as the permanent in s u la t in g  s tr e n g th  o f  the gap was concerned  

th ere  was noth ing  to  be gained  by t h i s  method o f c o n d it io n in g .

In f a c t ,  the c o n s is te n c y  and coraparitive ly  h igh  value o f  the 

r e s u l t s  w ith  the unconditioned  e le c tr o d e s  are rather  s u r p r is in g .

The t e s t s  showed th a t  a fa c to r  o f  s a f e t y  was d e s ir a b le  when 

ap ply in g  the va lues  g iven  on graph 27 . The lo w est  "No B.D. 

Value" a t  each gap ( ta b le s  12 , 13 and 14) v/as taken as a 

percentage o f  the in s u la t io n  s tr e n g th  a t  th a t  gap (graph 27) and 

the low est value obtained  was 93.5f>. However, to  a l lo w  for the  

* con d ition in g*  spark which occurred in  an o cc a s io n a l  t e s t  (see  

page 70) a fa c to r  lower than th is  i s  n e c e s sa r y .  A c o n s id e r a t io n  

of the r e s u l t s  ob ta ined  during a l l  the t e s t s  in d ic a te d  th a t  75^ 

would be a sa fe  fa c to r .

The glow phenomena d escr ib ed  and s tu d ie d  here ( s e c t io n s  3 . 3 . 2 .  

and 4 . 5 . )  has n ot as far as i s  known been p r e v io u s ly  rep or ted ,  

alth ough  i t  seems s im ila r  in  some r e sp e c ts  to  the current load in g  

sometimes experienced  in  a c c e le r a to r  tubes and to  the form o f  

conduction d escr ib ed  by C l i f fo r d ,  Fortescue and Roberts (6 0 ) .

Turner (61) and B lew ett (62) d escr ib ed  a current load in g  

phenomena which occurred in  high  v o lta g e  a c c e le r a to r  tu b e s .  The 

outstanding c h a r a c t e r i s t i c s  were

(a) the d ischarge s t a r t s  a t  a d e f i n i t e  v o lta g e  as evidenced  by 

the sudden appearance o f  X-rays and in crea sed  current d ra in ,

(b) the d ischarge current in c r e a se s  approxim ately  w ith  the 

s ix t h  power o f  the v o lta g e  and hence i s  an e f f e c t i v e  v o lta g e  

l i m i t e r ,
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(c )  the v o lta g e  a t  which the d isch arge  occurs depends on the  

p r e ssu r e ,  in c r e a s in g  w ith  tube p r e s su r e ,

(d) hydrogen, helium , n i tr o g e n ,  and argon a f f e c t  the th resh o ld  

v o lta g e  in  approximate r e la t io n  to  the mass o f  gas p r e s e n t .  

B lew ett con sidered  the e f f e c t  to  be a s s o c ia te d  w ith  su rfh ce  

la y e r s  o f  reasonab ly  v o l a t i l e  m a te r ia ls ,  probably pump o i l s  or 

other organic vapour. He was a b le  to  reproduce the phenomena

a t  v o lta g e s  from 2-30KV in  a *p a r a l l e l  p lane diode* w ith  the  

e le c tr o d e s  1 ram. a p a r t .  This represen ted  average g ra d ien ts  o f  

the order o f  tens o f  KV per cm. which corresponds to  the su r fa ce  

g ra d ien ts  a t  the e le c tr o d e s  o f  con ven tion a l Van de Graaf 

a c c e le r a to r  tu b e s .  The on set o f  the e f f e c t  was found to  depend 

on f i e l d  s tr e n g th ,  not t o t a l  v o l t a g e ,  and to  be s tr o n g ly  a f f e c t e d  

by su r fa ce  contam inations.

McKibben and Boyer (63) showed th a t  th e  e le c tr o n  lo ad in g  

phenomenon in  a c c e le r a to r  tubes was due to  a p o s i t i v e  io n  -  

n e g a t iv e  ion  chain r e a c t io n .  They noted  th a t  the v o lta g e  a t  

which the d isch arge  occurred was not a f f e c t e d  i f  a m agnetic  

f i e l d  was a p p lie d  which prevented  e l e c t r o n s ,  but n o t n e g a t iv e  

i o n s ,  from s t r ik in g  the anode.

C l i f fo r d  e t  a l  (60) d escr ib ed  a d isch arge  o f  the order 10""̂  

amperes which s e t  in  a t  v o lta g e s  from 10 -  150KV, d . c . ,  across  

gaps o f  a few centim etres  in  a con tin u ou sly  evacuated system .

The e f f e c t  was dependent on the anode con d ition  and a f f e c t e d  

l i t t l e  by la rg e  v a r ia t io n s  of gap. The d isch arge  was s e l f  

e x t in g u is h in g  a f t e r  a charge o f  microcoulombs had crossed  the  

gap w ith  o n ly  a s l i g h t  drop in  v o l ta g e .
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A l l  the I n v e s t ig a to r s  j u s t  mentioned found the th resh o ld  

v o lta g e  for  the d isch arge  to  be con sid erab ly  r a is e d  by an increase  

in  the p ressu re  up to  the order o f  1 0 o f  mercury.

The p re se n t  experiments w ith  a copper anode and a s t e e l  

cath od e, which gave a lower spark breakdown v o lta g e  than w ith  a 

s t e e l  anode and a copper cathode, showed th a t  the m a te r ia l  o f  

the anode had a con sid erab le  b ear in g  on the breakdown v o l ta g e .

This agrees  w ith  the f in d in g s  o f  most o f  the previous i n v e s t i 

ga to rs  .

The pressure during a l l  the experim ents d escr ib ed  here was 

between 2 x 1 0 "^mm. o f  mercury and 1 0 of mercury as read by 

the ion  gauge. over t h i s  range, no e f f e c t  which was a t t r i b u t 

a b le  to  the degree o f  vacuum was n o ted . Previous in v e s t ig a to r s  

(3 2 ,  37 , 39) have confirmed th at th i s  reg io n  i s  w e l l  below th a t  

a t  v/hich the spark breakdown v o lta g e  ceases  to  depend on pressure.  

The r e s id u a l  gases and vapours in  the vacuum chamber were probab

ly  a mixture o f  hydrogen, water Vapour and Apiezon p r o d u c ts .

The p ressu re  dropped to  one h a l f  when the r e f r ig e r a n t  was put in  

the co ld  tr a p . B lears  (72) found on a n a ly s in g  a dynam ically  

pumped system  s im ila r  to  th a t used here (w ith  Apiezon o i l  

d i f f u s io n  pump and no co ld  t r a p ) , t h a t ,  a lthough  there were traces 

o f  water vapour and hydrogen, the predominating r e s id u a ls  were 

hydrocarbon vapours from the pump.

During the experiments i t  was noted  th a t  the su rface  f i n i s h  

on the e le c tr o d e  su rfa ces  had l i t t l e  e f f e c t  on the breakdown 

v o l t a g e .  There was no a p p rec iab le  d i f f e r e n c e  in  the breakdown 

v o lta g e  between e le c tr o d e s  which were b u f f  p o lish ed  and those  

v/hich were papered w ith  f in e  emery.
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This i s  in  accordance w ith  the r e s u l t s  o f  Hadden (7 1 ) ,  who found 

th a t  e l e c t r o l y t l c a l l y  p o l is h in g  h is  copper e le c tr o d e s  d id  n ot  

in c r e a se  the breakdown vo ltage*

5 . 2* The Breakdovm Mechanism*

Graph 29  shows a double lo g  p lo t  o f  the maximum breakdown 

v o lta g e  f ig u r e s  o f  graph 22 as su g gested  by Granberg (47)* A 

t y p ic a l  va lu e  su ggested  for the con stan t 0 g iven  by the Y a x is  

in te r c e p t  was 3 MV^/ft and the l in e  shown d o tted  i s  o f  s lo p e  

one h a l f  through th i s  p o in t .  The curves for copper and s t e e l  

are l in e a r  for a l l  but the s m a l le s t  gap and are approxim ately  

of s lo p e  one h a lf*  The curve for aluminium i s  l in e a r  over the  

v/hole range w ith  s lo p e  0*61 , and e x tr a p o la t io n  in d ic a te s  th a t  a t  

la r g e r  gaps th i s  m etal would be su p er io r  to  s t e e l .  These 

curves supply stron g  evidence th a t  for the la rg er  gaps the 

breakdown i s  due to  the Granberg mechanism* This i s  supported  

by the f ig u r e s  on ta b le  21  which indica .te  th a t  the m a te r ia l  o f  

the anode p lays an important p art in  the breakdown mechanism.

This su g g ests  th a t the o r ig in  o f  the p a r t i c l e s  i s  the cathode 

and th a t  the ta r g e t  i s  the anode w ith  the c h a r a c t e r i s t i c  con stan t  

G*

The ev idence o f  other in v e s t ig a to r s  which supports th i s  view  

o f  Granberg ' 8  theory i s  -

(a) The r o ta t in g  mirror photographs o f  Snoddy and Beams showed 

th a t  i n i t i a l l y  a luminous sp ot appeared a t  the anode and the  

spark bridged the gap from anode to  cathode*

(b) Gompton and Langmuir mentioned b r ig h t  charged p a r t i c l e s  

f l y in g  from cathode to  anode.
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(c )  The experim ents v/hich showed an anode e f f e c t  (page 3 5 ) .

The ev idence o f  in v e s t ig a to r s  which seems to  c o n tr a d ic t  th is  

th eory  i s  -

(a ) J in  Imachi found th a t  a p r o je c t io n  on the anode lowered the  

breakdown v o l t a g e ,  but th a t  one on. the cathode d id  n o t .

(b) The experim ents o f  G leichauf and Aheam which in d ic a te d  no 

anode e f f e c t ,  (commented on p r e v io u s ly  (page 3 7 ) . )

The f ig u r e s  fo r  0»1 mm# gap s t e e l  and 0«25 mm* gap copper, 

v/hich are  4*5 KV. and 7 KV. r e s p e c t iv e ly  below the va lu es expected  

from the Granberg th eo ry , su g g e s t  the p r o b a b i l i ty  o f  a f i e l d  

dependent mechanism predominating over the t o t a l  v o lta g e  e f f e c t  

a t  the s m a l le s t  spacings and h ig h e s t  g r a d ie n ts .  I t  i s  p o s s ib l e ,  

however, th a t  the low va lu es  could  s t i l l  be due t o  the mechanism 

p referred  by Granberg. In the development o f  h is  theory  for  

uniform f i e l d  c o n d it io n s ,  he assumed th at the f i e l d  d i s t o r t io n  

a t  the clump on i t s  parent e le c tr o d e  was c o n sta n t ,  and independ

en t o f  the e le c tr o d e  sp a c in g . I f  th e  d i s t o r t io n  in crea sed  

a p p rec ia b ly  a t  the sm aller sp a c in g s ,  breakdowns would occur a t  

v o lta g e s  below those  deduced from c o n s id e ra t io n s  which n e g le c te d  

th i s  i n t e n s i f i c a t i o n  o f  the f i e l d .

As the gap spacing i s  d ecreased  the su r fa c e  g ra d ien t a t  a 

g iven  p r o je c t io n  on the cathode in c r e a s e s .  There i s  consequent

l y  la rg er  e le c tr o n  em ission  from the p o in t ,  and i t  seems probable  

th a t  the mechanism su gg ested  on page 36 accounts for  breakdown. 

This process depends on the temperature produced a t  the p o in t  

by the h igh  current d e n s ity  and by the bombardment w ith  p o s i t i v e  

ion s from the anode. I t  i s  thought t h a t ,  n orm ally , the h ea tin g
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due to  the current d e n s ity  has the major in f lu e n c e .  The e f f e c t  

o f  p o s i t i v e  ion s  from the anode can he e l im in a ted  by ap p ly in g  

p u lse  v o lta g es*  Goodman and Sloan*^*experimented w ith  h igh  v o l t 

age microsecond p u lses  and found th a t  the cathode g ra d ien t  a t  

breakdown was p ro p ortion a l to  the square r o o t  o f  the s p e c i f i c  

r e s is t a n c e  o f  the metal* The i n s e t  on graph 29 shows the break

down v o lta g e s  a t  Ù#1  mm* gap (graph 2 2 ) p lo t t e d  a g a in s t  the  

square r o o t  o f  the s p e c i f i c  r e s i s t a n c e  o f  th e  r e s p e c t iv e  m etals*  

The breakdown v o lta g e  in c r e a se s  w ith  the r o o t  o f  the s p e c i f i c  

r e s i s t a n c e ,  but n o t  l in e a r ly *

Trump and Van de Graaf measured the c o e f f i c i e n t  A ( th e  number 

o f  p o s i t i v e  ions em itted  per in c id e n t  e le c tr o n )  for  s t e e l  a t  

d i f f e r e n t  v o l t a g e s ,  and a t  20 KV the va lue  was 4 x  10"^.

F i lo s o f o  and R o sta g n i, who used Apiezon o i l  d i f f u s io n  pumps, 

a l s o  measured t h i s  c o e f f i c i e n t  and found i t  l e s s  than Trump and 

Van de Braaf*s by a fa c to r  between 200 and 2 ,0 00 ; but i f  they  

removed th e ir  co ld  trap an in c r e a se  o f  about 2 0 0  was obtained*  

These f ig u r e s  su g g est  th a t  in  the former experim ents the ta r g e t  

was contaminated by organic  vap ours. The e le c tr o d e s  used in  

the t e s t s  here would be s im i la r ly  a f fe c te d *  Dyke and Troian

have shown th a t  high current d e n s i t i e s  e x i s t  on p o in ts  a t
8 / 2breakdown (order o f  10 amp./cm*'^). I f  the anode was bombarded

by e le c tr o n s  from such a p r o j e c t io n , th ere  would be la rg e  

p o s i t iv e  ion  d e n s i t i e s  produced. These i o n s ,  when a c c e le r a te d  

through the gap v o l t a g e ,  could  be expected  to  produce co n s id e r 

a b le  h ea t in g  a t  the p r o je c t io n ,  which v/ould supplement th a t  due 

to  r e s i s t i v e  h e a t in g .  Evan an approximate c a lc u la t io n  o f  the  

r e l a t i v e  e f f e c t  o f  e i t h e r  o f  the two thermal p ro cesse s  would
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in v o lv e  a knowledge o f  the e m it te r  geometry and the fo l lo w in g  

math em atica l cons id e r a t io n s •

(a ) The l a t e r a l  d i f f u s io n  o f  the e le c tr o n  beam due to  the space

charge ( t h i s  has been c a lc u la te d  in  s e c t io n  5*4 fo r  the vacuum

sp a rk ). Dyke and Troian (4 ) found th a t  th e ir  f i e l d  em ission  

current was b e in g  l im ite d  by space charge a t  current d e n s i t i e s  

below th ose  a t  which breakdown occurred .

(b) The fo c u ss in g  o f  the ion beam by the e le c tr o n  stream , 

( p o s i t i v e  ion  current « e l e c t r o n  c u r r e n t) .

( c )  The h ea t produced a t  the su r fa ce  o f  the p r o je c t io n  by ion  

bombardment•

(d) The r e s i s t i v e  h ea tin g  o f  th e  p r o je c t io n  due to  the high  

current d e n s i t y .

(e )  The ra te  o f  d i s s ip a t io n  to  th e  body o f  the m etal o f  the

h eat produced by (c )  and (d ) .

The e f f e c t  o f  time o f  a p p l ic a t io n  o f  v o lta g e  would a l s o  en ter  

in to  the co n s id e ra t io n s  ( s e c t io n  5 * 3 .)

Most o f  the experiments and ev id en ce considered  to  determine  

a p o s s ib le  breakdown mechanism have been concerned w ith  d$c# or 

low frequency s t u d ie s .  Dyke e t  a l  (5 0 , 51) have shown, by 

ap p ly in g  p u lses  sh o r ter  than the ion  or » clump’ t r a n s i t  t im e , 

th a t  the breakdown can be produced ty  h igh  current d e n s ity  a lo n e .  

K ilp a tr ic k  (73) showed th a t  sparking a t  200 M c/s. fo llow ed  

s t r i c t l y  the su rfa ce  g ra d ien t  and d id  n o t depend on the t o t a l  

v o l t a g e .
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s .  5 .  The Time E f f e c t .

Experiments o f  the type d escr ib ed  here can n o t fu rn ish  

d e f i n i t e  proof o f  the mechanism which causes d e layed  breakdown 

a t  a g iv en  v o l ta g e .  The m icrosco p ic  geometry o f  the reg io n  a t  

which the breakdown occurs i s  n o t  known, and the b a s ic  f ig u r e s  

in v o lv ed  in  the su ggested  mechanism (see  l a t e r )  have n o t ,  as far  

as i s  known, been ob ta in ed . I t  i s  p o s s ib le  however to  deduce 

wliat probably happens.

Although the time e f f e c t  i s  a f h i r l y  w e l l  known phenomenon 

there does n o t seem to  be any p r e v io u s ly  p u b lish ed  r e s u l t s  on i t  

a t  the lower v o l ta g e s .  At the h igher v o lta g e s  (>lûOîCV) some 

r e s u l t s  have been pub lished  on the b a s is  o f  the sjB rk ing  r a te  (40% 

None o f  the in v es t ig g ito r s  ap&rt from Goss l i n g  (23 ) (s e e  l a t e r )  

p referred  an exp lan ation  for the phenomena.

The long tim es to  breakdown which can be ex p er ien ced , exclude  

the p o s s i b i l i t y  o f  chain mechanisms ( e . g .  (c )  and (d) page 34) 

accou n tin g  for th e  phenomenon which would appear to  be i n i t i a t e d  

ty  a s in g le  e v e n t .  This lea v es  the Granberg theory and th a t  

p o s tu la te d  under (a) o f  page 3 4 , both o f  which req u ire  an 

exp lan ation  fo r  the tim e d elay  in  te a r in g  a p r o je c t io n  from the  

ca th od e•

Consider a m icroscop ic  p r o je c t io n  on the su r fa ce  o f  the  

cathode w ith  a h igh  v o lta g e  across  the gap. I f  the p r o je c t io n  

i s  considered  as tak ing  the form o f  an e l l i p s o i d a l  column on a 

f l a t  p la n e ,  a r a t io  of h e ig h t  to  diam eter o f  3 to  1 would g iv e  

a te n fo ld  in c r e a se  in  the g ra d ien t a t  the apex as compared w ith  

the m acroscopic g ra d ien t  (6 7 ) .  There i s  -
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(a) h igh  e l e c t r i c a l  and m echanical s t r e s s  a t  the p o in t ,

and

(h) la r g e  e le c tr o n  em ission  and thus high  temperatures due to  

r e s i s t i v e  h ea tin g  and perhaps bombardment by p o s i t i v e  ions from 

the anode.

This could lea d  to  rupture by two p ro cesse s  -

(1 )  the temperature a t  the p o in t  r i s e s  amd when the m e lt in g  

p o in t  i s  reached the load  causes m echanical rupture*

(2) w ith  high temperature and m echanical load  f a i lu r e  takes p la c e  

due to  creep . (7 0 ) .  This i s  a phenomenon o f  v isco u s  flow  a t  

g ra in  boundaries under co n d it io n s  o f  h igh  temperature and s t r e s s .

I t  i s  d i f f i c u l t  to  r e c o n c i le  process (1 )  w ith  the long d e lays  

b efo re  breakdovm which can be ex p er ien ced , as an eq u ilib r iu m  

temperature would be reached in  a very sh o r t  t im e . Process (2 )  

on the other hand can take days or even years depending on the  

co n d it io n s  o f  temperature and s t r e s s *  At the normal creep t e s t 

in g  temperatures fra c tu re  takes p la ce  a f t e r  many days have 

e la p sed  but very fa s t  creep could  be expected  above a red heat  

(8Q0^ C a p p r o x .) .  The e f f e c t  i s  cum ulative -  the g re a te r  the  

e x te n s io n  due to  creep , the g rea ter  i s  the m echanical f o r c e ,  

e le c tr o n  e m iss io n , and tem perature.

Goss l i n g  (23) proposed a s im i la r  theory a lth ough  he wrote in  

terms o f  c r y s t a l  s l i p  and c i t e d  the work o f  Groucher (68) and 

Schoenborn (6 9 ) .  They experim ented v/ith t e n s i l e  t e s t s  on s in g le  

c r y s t a l  w ires a t  various temperatures and showed th a t  

f  oc a t  con stan t tem perature, and

f oC a t  con stan t s t r e s s .
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v/here ? i s  the time to  fr a c tu r e ,  

s i s  the meohanica1 s t r e s s , 

and i s  the temperature (^K).

Times as sh o r t  as seconds were obtained* This type o f  e x p r e ss 

ion  corresponds very approxim ately  to  the form o f  the r a te  o f  

sparking curves obtained  (graph 2 6 ) .

I f  the s t r e s s  on a specimen i s  removed a f t e r  a p er iod  o f  creep  

there i s  a p a r t ia l  recovery o f  the exten sion *  When a l t e r n a t in g  

v o lta g e  was a p p lied  between the e le c tr o d e s  there would be a 

r e la x a t io n ,  during each a l t e r n a t e  h a l f  c y c le ,  o f  the s t r e s s  on 

the p r o je c t io n s .  In such t e s t s  i t  can then be con sid ered  th a t  

the v o lta g e  was r a is e d  to  i t s  ipaxirium value in  a quarter o f  a 

c y c le  (Q)*00:5 seco n d ).

5 .  4 .  The Dimensions o f  the Spark R o o ts .

The microphotographs have shown (p la te s  8 & 9 ) th a t  the  

diam eter o f  the spark root on the anode con sid erab ly  exceeds  

th a t  on the cathode* I t  has been su g gested  tlrnt th i s  i s  due to  i 

mutual re p u ls io n  o f  the e le c tr o n s  in  the beam. The e le c tr o n s  

le a v in g  the cathode w i l l  have a L'kxwellian d i s t r ib u t io n  o f  

v e l o c i t i e s  and th is  i s  another p o s s ib le  reason for the l a t e r a l  

d i f f u s io n .  I t  i s  l i k e l y ,  however, th a t  a t  the com paratively  

h igh  cu rren t d e n s ity  in  the spark the space charge e f f e c t  w i l l  

predom inate, and i t  w i l l  be shown that th is  e f f e c t  a lon e  can 

account for  the broadening o f  the e le c tr o n  beam*

As the current in  an e le c tr o n  beam i s  in c r e a se d , the e f f e c t  

o f  space charge i s  noted  as a l a t e r a l  d isp e r s io n  o f  the e le c tr o n s  

a t  cu rren t d e n s i t i e s  below th o se  which are s u f f i c i e n t  to
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a p p rec ia b ly  change the p o t e n t ia l  a lo n g  the a x is  o f  the beam.

In the vacuum arc  th ere  i s  no conducting plasma as in  the a rc  

in  a i r  ( 5 9 ) ,  and in  the co n s id e r a t io n s  v/hich fo l lo w  i t  has been  

t r e a te d  as a h igh  current d e n s ity  e le c tr o n  beam.

P ierce  (75) developed an ex p ress io n  fo r  the broadening o f  a 

p a ra x ia l  e le c tr o n  beam under uniform f i e l d  co n d it io n s  by u s in g  

the fo l lo w in g  assum ptions.

(a) The p o t e n t ia l  a long the a x is  o f the beam i s  n o t changed by 

the charge d e n s ity  o f  the e le c tr o n  stream .

(b ) The current d e n s ity  i s  independent o f  the r a d ia l  p o s i t io n  

in s id e  o f  the beam.

(c )  The e f f e c t  o f  the thermal v e l o c i t i e s  o f  the e le c tr o n s  can be 

n e g le c t e d .

D e f in i t io n  o f  the v a r ia b le s  used by P ie r c e .

The z coord in ate  l i e s  a lon g  the a x is  o f  the beam, 

r = radius o f  the p ath , r^= radius a t  z = O

where, I i s  the current in the chosen path , 

V i s  the v o l ta g e .

R '  = and R '  = a t  ^ = O 

The exp ress ion  developed by P ierce  i s

The in te g r a l  maysbe eva lu a ted  by using  the fo l lo w in g  fu n ctio n  

(su g g es te d  by P ierce  and graphed, o r i g i n a l l y ,  by M iller  and 

Gordon ( 7 6 ) . )
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F M  ^ e j   {̂ )

Here rJ “ 0 (tak in g  bound o f  the path i n i t i a l l y  normal to  the  

cathode s u r f a c e .)

From p la te s  8 and 9 the diam eter o f  anode mark =  O'.43 mm.

" " " cathode " = 1 . 1 5  lO ^mra.

?>. f  =

Ÿ?t^es J2" — ^ 4  3 .

O scillogram s in d ic a te d  th a t  the a rc  v o lta g e  was o f  the order o f

IICV. The s e r ie s  r e s is ta n c e  was IQG Kn. and the breakdown v o lta g e

approxim ately  50ICV. ( /  -  ^  = 0 .5  am p.)./oo.  /O '*

S u b s t i tu t in g  Z —2 4 .3 ,  V =^10  ̂ and 1 =  0 .5  in  (1)

g iv e s  ~  =  3 5 .3  or z = 0 . 4 1  mm.

That i s ,  the len g th  o f  th e  e le c tr o n  beam n ece ssa r y  to  g iv e  the  

s ta te d  spread due to  space charge under the s p e c i f i e d  co n d it io n s  

o f  current and v o lta g e  was 0 .4 1  mm. The a c tu a l  gap len g th  was

0 .5  mm.

5 . 5 .  The Glow Breakdown and P o ss ib le  Mechanism.

The phenomena mentioned, in  s e c t io n s  3 . 3 . 2 .  and 4 .5 .  are  

o b v io u s ly  due to  some form o f adsorption  on the e le c tr o d e  

s u r fa c e s .  From the tim es to  eq u ilib riu m  (graph 19) i t  i s  

e v id e n t  th a t  the ad sorp tion  i s  m u lt im o lecu la r , s in c e  a monolayer 

would form in  l e s s  than 0 .6  second a t  the working p ressu re .

( 5 .5  X lo"^mm. Hg. -  ta b le  4 ) .  This form o f  ad sorp tion  i s  

c h a r a c t e r i s t i c ,  in g e n e r a l ,  o f  vapours a t  p ressu res  approaching  

s a tu r a t io n  va lu es  (74 , page 424 ). At normal temperatures in
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h igh  vacuum, r e s id u a l  gas ( i . e .  a i r  e t c .  ) would n o t he expected

to  form more than a monolayer on a clean m etal s u r fa c e .  The

pump vapour p resen t v/ould be near i t s  sa tu r a t io n  pressu re  
-7

(10 mm. H g., or higher i f  cracked) and t h i s  in d ic a te s  s tr o n g ly  

th a t  the glow phenomenon i s  caused by a th in  f i lm  o f  pump vapour. 

Experiments showed th a t  pump vapour had a con sid era b le  in f lu e n c e  

on the glow v o l ta g e ,  ( s e c t io n  3 . 3 . 2 . )

As far  as i s  known no in v e s t ig a t io n s  have been made on the  

ra te  o f  ad sorp tion  o f  Apiezons or other s im i la r ly  com plicated  

organic  vapours. Bangham and Burt (74 , page 452) obta ined  the  

fo l lo w in g  em p ir ica l r e la t io n s h ip  for ad sorp tion  o f  ammonia, 

carbon d io x id e , sulphur d io x id e ,  and n itr o u s  oxide by g la s s  

sur faces  .

lo g  ^ 2^ ■ = /.e, 5 “ C )

where s i s  the amount adsorbed ,

& i s  the amount adsorbed a t  s a tu r a t io n ,  

and n , IC are c o n s ta n ts .

The q u a n tity  adsorbed in c r e a se s  e x p o n e n t ia l ly  to  the sa tu r a t io n  

valuefô. This va lue {6 ) corresponds t o  th e  eq u ilib r iu m  glow  

v o lta g e  (V . ) ,  and zero  ad sorp tion  corresponds t o  the sparkingQ
v o lta g e  (V g.) (graph 1 9 ) .  T h is , to g e th er  w ith  the form o f  the  

cu rve , su g g es ts  th a t  an em p ir ica l r e la t io n s h ip

V -  V + e {v„. -  v„.)
g ■ S'

might ho ld  for the decay o f  glow v o lta g e  w ith  t im e , v;here v i s

the glow  v o lta g e  a t  time t ,

Vg i s  the eq u ilib r iu m  glow v o l t a g e ,

Vg i s  the sparking v o l t a g e ,  
and ûC i s  a c o n s ta n t .
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I f  t h i s  r e la t io n s h ip  a p p l ie d ,  the curve 

lo g  (v -  Vg.) =  lo g  ( V g -  V^) -  ocf  

would be l i n e a r .  I t  i s  seen  ( i n s e t ,  graph 19) th a t  th is  i s  so

a f t e r  approxim ately  one h our’s a d so rp tio n . (The d e v ia t io n  o f  

p o in t  A from th is  l i n e  i s  a c t u a l ly  on ly  300 v o l t s  or o f  the

glow v o l t a g e . )  The f a l l  o f  glow v o lta g e  i s  very rap id  over the

i n i t i a l  ad sorp tion  p er io d .

The fo l lo w in g  phenomena requ ire  to  be accounted f o r .  The 

glow v o lta g e  -

(a) f a l l s  w ith  in c r e a se  o f  t h ic t o e s s  o f  adsorbed vapour,

( b ) req u ires  a c e r ta in  minimum v o lta g e  for  i n i t i a t i o n  and depends 

more on the t o t a l  v o lta g e  than upon the s t r e s s  (graph 1 8 ) ,

(c )  i s  s e l f  e x t in g u is h in g ,

(d) can be r a is e d  by s u c c e s s iv e  g lo w s ,

(e )  i s  in f lu e n c ed  by the s t a t e  o f  the anode and the cathode 

su rfaces  .

The fa c t  th a t d e t a i l s  o f  the adsorbed vapour ( e .g .  form ulae, 

io n is a t io n  c o e f f i c i e n t s )  are unknown, apart from i t  b e in g  Apiezonj 

makes even approximate c a lc u la t io n s  on a probable mechanism 

im p o ss ib le .  However, a q u a l i t a t iv e  su g g est io n  for th e  glow  

mechanism i s  g iv e n .  E le c tr o n s ' from the cathode cross the gap 

and io n i s e  some o f the m olecules o f  the anode f i lm .  I n v e s t ig a t 

ors (46) have shown th a t  the em ission  o f  p o s i t i v e  ion s  per 

e le c tr o n  from an adsorbed organic layer  i s  much la r g e r  than th a t  

from the pure m etal s u r fa c e .  The p r o b a b i l i ty  o f  the e le c tr o n  

having an io n is in g  c o l l i s i o n  w ith  an adsorbed m olecule b efore  

s t r ik in g  the a c tu a l  m etal w i l l  in crea se  w ith  the th ick n ess  o f  the
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f i lm .  The p o s i t iv e  ions produced a t  the anode cross the gap 

and g iv e  fu rth er  io n is a t io n  a t  the cathode su rfh ce  (the amount 

depending on the f i lm  t h ic k n e s s ) .  P h o to io n isa t io n  w i l l  a l s o  

occur a t  the anode and cathode su r fa ces  due t o  the io n is a t io n  

p rocesses  on the o p p o s ite  e l e c t r o d e s .  \7hen th er e  are s u f f i c i e n t  

ions and e le c tr o n s  in  the gap, the glow phenomenon, which i s  

s im ila r  in some r e sp e c ts  to  the normal glow d isc h a r g e ,  r e s u l t s .  

The v o lta g e  across  the gap drops on ly  s l i g h t l y  when the glow  

o ccu rs , and a h igh  v o lta g e  i s  requ ired  to  m ainta in  the phenomenon. 

This corresponds to  the case o f  the glow d isc h a r g e .

The mechanism here d escr ib ed  would account for the fa c t  th a t  

the glow depended more on the t o t a l  v o lta g e  than on the g ra d ien t  

( i . e .  i t  depended on the energy acq u ired  by the ion s and electrons  

c r o ss in g  the ga p ). S e l f  e x t in c t io n  i s  ap p a ren tly  a consequence  

o f  the drop in  gap v o lta g e  due to  the c i r c u i t  param eters, 

a s s i s t e d ,  perhaps, by lo s s  o f  vapour by d i f f u s io n  from the gap. 

The r i s e  in glow v o lta g e  w ith  s u c c e s s iv e  d isch arg es  i s  probably  

due to  removal o f  some o f  the vapour from the gap by d i f f u s io n  

to  the ex tra -gap  spa.ce during the glow and im m ediately a f t e r  i t  

had occurred .

5 . 6 .  Recommendations for  Future Work.

The experim ents d escr ib ed  here have shown th a t  a f a ir  c o n s i s t 

ency in  breakdovm v o lta g e  can be obta ined  by ensuring th a t  

current from the supply ’ fo llow s*  the i n i t i a l  d ischarge o f  the  

gap ca p a c ita n ce . Standard d e v ia t io n s  o f  about were obtained  

T/hen a condenser o f  53 0 p f. was d isch arged  through the gap a t  

breakdown, (see  f i g .  5 ) .  Between th i s  condenser and the
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e le c tr o d e s  th ere  was, e f f e c t i v e l y ,  the sm all inductance and 

r e s is t a n c e  o f  the connecting leads (a t o t a l  le n g th  o f  approx.

6 f e e t )  and the two gas gaps. This appears to  have had some 

h earin g  on the standard d e v ia t io n s  in  the t e s t s .  . For example, 

graph 13 shows th a t  1 7 .5  p f .  added across  the gap (sh o r t  l e a d s ,  

t o t a l  le n g th  approx. 18” ) had in crea sed  the s c a t t e r ,  a lth ou gh  the  

nominal s e r ie s  r e s is t a n c e  was zero  (Rg= 0 ) .  I f  the sm all  

inductance and r e s is ta n c e  o f  the lead s from the 500 p f .  condenser  

had no ap p rec iab le  e f f e c t  i t  would be u n l ik e ly  th a t  the a d d it io n  

o f  the 1 7 .5  p f .  would have made any s i g n i f i c a n t  d i f f e r e n c e .

A c lo s e r  study o f  the e f f e c t  o f  the c i r c u i t  parameters on 'the 

standard d e v ia t io n  could lead  to  more c o n s i s t e n t  r e s u l t s  and 

fu rth er  s tu d ie s  could fo l lo w  from them. I f  the expected  break

down v o lta g e  was known to  a reasonab le  a ccu racy , i t  would be 

p o s s ib le  to  study  c lo s e ly  the e f f e c t  o f  time o f  duration  o f  

v o lta g e  by ap p ly in g  d i f f e r e n t  percentages o f  the breakdown 

v o lta g e  and determ ining the time to  breakdown.

The a . c .  and d . c .  t e s t s  have shov/n a d i s t i n c t  d i f f e r e n c e  in  

the r e la t iv e  maximum breakdown v o l t a g e s ,  and i t  would be o f  

i n t e r e s t  to  determine the maximum breakdown v o lta g e s  under 

im p u lse , which would e l im in a te ,  as far as p o s s ib l e ,  the e f f e c t  

o f  t im e . Impulse s tu d ie s  are now b e in g  ca r r ied  o u t ,  and they  

in d ic a te  maximum breakdown v o lta g es  which are as much as 25^ 

above th ose  obtained  in  the a . c .  exp er im en ts .

Further experim ents w ith  an improved h igh  vacuum system ,  

which would e l im in a te  co m p le te ly , when n e c e s sa r y ,  the presence  

o f  pump vapour, are  d e s ir a b le .  This would make p o s s ib le  a 

reason ab le  comparison o f  the r e l a t i v e  m er its  o f  c o n d it io n in g  by
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hydrogen d isch arge  and by in d u ction  h e a t in g ,  w ith ou t the confusion  

o f  pump vapour cracking on the e le c tr o d e s  v/hen red h o t .  Such 

an improved system  would a l s o  make p o s s ib le  p o s i t i v e  confirm ation  

th a t  the glow phenomenon i s  due s o l e l y  to  the organ ic  vapours 

from the d i f f u s io n  pump* The glow conduction could bear more 

ex h au stiv e  exam ination under c l o s e l y  c o n tr o l le d  c o n d it io n s ,  which  

would d eterm in e, in  g rea ter  d e t a i l ,  the p ro cesse s  involved*

G leicliauf (4 3 ,4 4 )  has p ub lished  r e s u l t s  on h igh  vacuum break

down over in s u la to r s  a t  v o lta g e s  s im i la r  to  th ose  used in  the  

p resen t exp erim en ts , but there  i s  s t i l l  a la ck  o f  in form ation  

on the su b ject#  U sefu l r e s u l t s  could be obtained  by ex ten d in g  

the techniques developed here to  cover the f i e l d  o f  breakdown 

over in s u la to r s  in  h igh  vacuum*
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P la te  1 -  F ie ld  em ission  superimposed on cap ac itan ce  

current -  rough s t e e l  e l e c t r o d e s .

P la te  2 -  Glow d isch a rg e  c o n d it io n in g



P la te  3 -  A t y p i c a l  cathode mark. Mag  ̂* x  630 

S t e e l  e l e c t r o d e s ,  gap 0.5ram. Ro^SOGKtl

P la te  4 -  A t y p i c a l  cathode mark. " x 630

S t e e l  e l e c t r o d e s ,  gap 0 .5mm. 0



P la te  5 -  The Glow Phenomena. Copper e l e c t r o d e s ,

gap 1mm* Rg = 11K_tl (Combined e f f e c t  o f  a number 

o f  glows occu rrin g  about 70KV;)

5
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P la te  6 -  The equipment for  th e  D.C. s tu d y .
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P la te  7 -  A spark Breakdown a t  51 KV S t e e l  e l e c t r o d e s .

gap 0.5mm. Rg=100TL



Tl.
P la te  8 -  T yp ica l cathode marks. l\2ag ' x  1300.

S t e e l  e l e c t r o d e s ,  gap 0.5mm. R„ =100 K_n_

P la te  9 -  A t y p i c a l  anode mark, ’ x  70

S t e e l  e l e c t r o d e s ,  gap 0 .5mm. Rg =100K_a.



P la te  10 -  Spark cu rren t a t  5 8 .2

(5 .0  amp. peak 0 .9 5  amp* ch op .)  0 .2  Mc/g Cgc'^* 

Copper e l e c t r o d e s ,  gap 1mm. R g . = l l  K_n_

P la te  11 -  Spark cu rren t a t  24 .7  kV ( 2 .2 4  amp. peak)

5 .0  Mc/s Oscn

S t e e l  e l e c t r o d e s ,  gap 0.2mm. R =llK_rL



P la te  12 -  Suppressed Spark Current a t  44*5 KV#

5 .0  Mc/s- O sc^’

S t e e l  e l e c t r o d e s ,  gap 0 .5  mm. Rg ?= 450 K_n_

P la te  13 -  Spark cu rren t -  su p p ressed  d isc h a r g es  a t  

45 KV. approx. 1 .0  M c/s. Os c^ '

S t e e l  e l e c t r o d e s ,  gap 0 .5  ram. Rg .= 450 Ksl.



P la te  14a -  Glow cu rren t a t  60 KV. (1 .2  m. amp. peak)

500 c / s .  Oscn .

Copper e l e c t r o d e s ,  gap 2#0mm. .= 100 K_n_

P la te  14b -  Glow cu rren t a t  61 KV (1 .1 5  m. amp. peak) 

500 c / s .  Osc^*

Copper e l e c t r o d e s ,  gap 2.0mm. Rg'=100 Kn.


