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ELECTRIC CONDUCTION IN A N  OIL-PUMPED 

VACUUM  SYSTEM^ 

I. In t roduc t ion  

I n s u l a t i o n  has been a source of cons iderable  d i f f i c u l t y  

f o r  t hose  who work wi th  high vol tages .  This problem has been 

e s p e c i a l l y  se r ious  i n  e l e c t r o s t a t i c  genera tors  ,and e l e c t r i c a l  

leakage has l i m i t e d  t h e i r  usefu lness  a s  p a r t i c l e  a c c e l e r a t o r s .  

Workers with such instruments  have always been t roubled  by t h e  

f a i l u r e  of t h e  vacuum space as an i n s u l a t o r  a t  h iah  voltages, 

The cause and t r u e  na ture  of t h i s  leakaee current is no t  known, 

and t h e r e  is no s u c c e s s f u l  method f o r  i t s  e l imina t ion .  

We have inves t iRated  t h e  leakage of e l e c t r i c i t y  ac ross  a 

vacuum space i n  an e l e c t r o s t a t i c  genera tor  which emdoys  a 

mixture  of Sr9' and Y90 as  t h e  source of charging cu r ren t .  

I n  t h e  p a s t ,  e l e c t r o s t a t i c  genera tors  employinp be ta-emi t t ing  

i s o t o p e s  have produced vo l t ages  of s e v e r a l  hundred kilo- 

v o l t s  . 293,49596 If a vacuum space could be made a 

% h i s  d i s s e r t a t i o n  was prepared under t h e  d i r e c t i o n  of 

2H, G. J, Moseley, Proc. Roy. S O C .  A88, (471 (1913). 

3U. Merten, Ph.D. Thes is ,  Washinerton Un ive r s i ty ,  St . Louis ,  

D r ,  Joseph W. Kennedy, 

- 
(1955) . 

4 P .  H .  Mi l l e r ,  Jr., Phys. Rev. - 69, 666 (1946). 

5P. V .  Murphy, A.M. T h e s i s ,  WashinFton Univers i ty ,  S t .  Louis ,  

63 . G . Linder and S . M . Chris t ian ,  J Anpl. Phys a, 
(1954).  

1213 ( 1 9 5 2 ) .  
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perfect  i n s u l a t o r  the voltage which could be obtained 

with such a curren t  source would be l imi ted  only by the  

maximum enerpy of t h e  beta p a r t i c l e s .  

voltaeres have always been l imited a t  considerably lower 

values  apparently by leakage through t h e  vacuum space. 

Actually t h e  

We have encountered two types of vol tave l i m i t a t i o n  

i n  our system. I n  one case,  t h e  voltape bui lds  up t o  the 

l i m i t i n g  value and t h e n  remains s teady;  t h e  continuous 

leakage of e l e c t r i c i t y  causing t h i s  l i m i t a t i o n  we c a l l  

t h e  dark cur ren t .  The o ther  type of leakage occurs a s  

l a rge  bu r s t s  of cu r ren t  which reduce the  vol tage immediately 

by a number of kilOVOltS, This we c a l l  vacuum sparke  Most 

of our i nves t iga t ion  has been of t h e  dark c u r r e n t o  

Leakape of e l e c t r i c i t y  through a vacuum space must 

involve the  passage of a t  l e a s t  one species of charged 

p a r t i c l e  from! e l ec t rode  t o  e lectrode.  I n  a d iscuss ion  of 

vacuum conduction t h e  mechanism f o r  t he  production of t h e  

charged p a r t i c l e s  is of prime importance, There are two ways 

i n  which a charged p a r t i c l e  can be formed i n  a high-voltage 

device such as oursc  

a* one o r  t h e  o the r  of t h e  e lec t rodes  may induce "spontaneous" 

An e l e c t r i c  f i e l d  o r  a high temperature 

' emission of charged p a r t i c l e s ,  Typical phenomena of this type 

are f i e l d  emission of electrons'*', t h e  "Maltern ef fec t9 ;  

7W. P. Dyke and J. K. Trolan, Phys, Rev. 2s 799 (1953). 
f 

H .  Fowler and L o  Nordheim, Proc. Roy. Sac, A119, 
173 (1928). 

9L. b l t e r ,  Phys, Rev, 2, 48 (19361, 
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f i e l d  emission of p o s i t i v e  ions lO ,  and thermionic  emission 

of e l e c t r o n s .  Charged p a r t i c l e s  can a l s o  be fsmned by t h e  

impact of e n e r g e t i c  p a r t i c l e s  on an  e l e c t r o d e  s u r f a c e c  A 

t y p i c a l  phenomenon of t h i s  type is t h e  product ion of secondary 
11,12,13 

e l e c t r o n s  a t  a meta l  su r f ace  bombarded by p o s i t i v e  ions. 

It seems u n l i k e l y  t h a t  f i e l d  o r  thermionic  emission of 

e l e c t r o n s  o r  p o s i t i v e  ions c o n t r i b u t e s  t o  t h e  leakage of 

e l e c t r i c i t y  i n  our system. F i e l d  emission of e l e c t r o n s  

becomes important  f o r  cathode f i e l d s  of about  lo7 v o l t s  cmal, 

and f i e l d  emission of p o s i t i v e  ions is not  apprec iab le  below 

about lo8 v o l t s  ano1 a t  t h e  anode s u r f a c e ,  

thousand times l a r g e r  t han  t h e  Rrorss anode and cathode fields 

These are a 

p r e s e n t  in our system. Thermionic e l e c t r o n  emission a t  room 

temperature  is very much smal le r  t h a n  our  charpinR cu r ren t s .  

The "Maltern e f f e c t 9  and r e l a t e d  e f f e c t s  5914 can be 

important  sources  of cu r ren t  a t  pross cathode f i e l d s  of about 

l o 5  v o l t s  c~1-l. 

system was 5 R l o 4  v o l t s  crnol, so it is p o s s i b l e  t h a t  we have 

The l a r g e s t  cathode f i e l d  obtained i n  our 

encountered some leakage from t h i s  type of phenomenonc 

I%. W ,  MQller, Z e i t s c h r i f t  f u r  Physik,  Bd.131, S136 (1951) ,  

llA, G .  Hill W .  W. Buechner, J.  S .  Clark,  and J. B .  Flak, 
Phys, Rev. as 463 (19391, 

l3L . 
1 l3H. 

14T. 

Phys. 26, 

H, Linford,  Phys. Rev. 47, 279 (1935). 

C .  Bourne R .  W .  Cloud, and J .  G o  Trump, J. Appl. 
596 (1955).  
J. Lewis, Proc. Phys. Sac; 688, 504 (1955L 
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If t h e  product ion of p a r t i c l e s  a t  an  e l ec t rode  by t h e  

impact of p a r t i c l e s  from t h e  o t h e r  e l e c t r o d e  is t o  produce 

a leakage c u r r e n t  t h e r e  must be a cont inuing supply of 

inc iden t  p a r t i c l e s  

a continuous supply.  

secondary p a r t i c l e s  a t  both electrodes miaht  provide a 

s e l f - s u s t a i n i n g  chain.  

Spontaneous emission could provide such 

On the o t h e r  hand t h e  nroduct ion of 

Such a cha in  mechanism was proposed 

by Van Atta ,  Van de Graaff,and Barton15, They proposed t h a t  

a n  exchange of p a r t i c l e s  t a k e s  p lace  between e l ec t rodes  

e l e c t r o n s  from the  cathode s t r i k i n r  t h e  anode t o  produce 

p o s i t i v e  ions and photons which i n  t u r n  s t r i k e  t h e  cathode 

t o  produce e l e c t r o n s ,  

mechanism i n  which secondary p o s i t i v e  ions  escape from t h e  

anode s u r f a c e  by evanorat ion.  

U, Mertenj proposed a chain o r  exchange 

I n  penera l  a s e l f - s u s t a i n i n g  excharwe can e x i s t  only if 

t h e  c o e f f i c i e n t  product ,  q c 2 ,  i s  un i ty .  Here c l  I s  t h e  

average number of secondary p a r t i c l e s  produced a t  e l e c t r o d e  

1 by each p a r t i c l e  from e l e c t r o d e  2 ,  and c2 is t h e  averaRe 

number of p a r t i c l e s  produced a t  electrode 2 by each particle 

from e l e c t r o d e  1. Unless one of these c o e f f i c i e n t s  depends 

upon the p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s ,  $he 

v o l t a g e  would be l i m i t e d  a t  ze ro  k i l o v o l t s  o r  not  l imi t ed  a t  

a l l  by exchangee Thus i t  must be assumed t h a t  a s  t h e  vo l t age  

i n c r e a s e s  t h e  c o e f f i c i e n t  product i n c r e a s e s ,  f i n a l l y  reaching  

u n i t y .  A t  t h i s  v o l t a m  a leakage c u r r e n t  would then  increase 

shapply and achieve whatever propor t ions  a r e  necessary to 

15Van At ta ,  Wan de G r a a f f ,  and Barton, Phys, Rev, u, 158 
(1933 1 
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balance t h e  charping cu r ren t .  If one o r  both of t h e  

c o e f f i c i e n t s  a r e  s e n s i t i v e  t o  c u r r e n t ,  

w i l l  depend on the  amount of charEinp, c u r r e n t ,  and t h e  

leakape cu r ren t  may be apprec iab le  we l l  below t h e  l i m i t i n g  

t h e  l i m i t i n p  vo l t ape  

v o l t a p e  . 
I n  leakape of t h i s  type it is poss ib l e  t h a t  a l a r p e  

f r a c t i o n  of t h e  cu r ren t  can be carried by p a r t i c l e s  which do 

not  c o n t r i b g t e  s i g n i f i c a n t l y  t o  t h e  ma in tenance  of t h e  chain.  

For  example, t w o  poss ib le  secondary cathodic  p a r t i c l e s  a re  

e l e c t r o n s  and nepat ive i o n s ;  t h e  neRative ions may be t h e  

p r i n c i p a l  producers of t h e  anodic p a r t i c l e s ,  hu t  t h e  e l e c t r o n s  

may be much more mumerous. Thus i n  an  i n v e s t i E a t i o n  of a n  

exchange mechanism t h e  discovery of a cu r ren t  c a r r i e r  does not  

mean t h a t  a member of t he  exchange-chain has been found. I n  

a s tudy  of cu r ren t  loading  i n  i o n  a c c e l e r a t i n g  tubes 

McKibben and Boyer16 found t h a t  a l though e l e c t r o n s  c a r r i e d  

98 per  cen t  of the  leakage c u r r e n t ,  t h e  threshold  vo l t age  

f o r  exchanRe was not  a f f e c t e d  b y , a  magnetic f i e l d  which 

prevented t h e  e l e c t r o n s  from reaching  t h e  anode. 

L i t t l e  is  known about t h e  a c t u a l  va lues  of c o e f f i c i e n t s  

which might be of i n t e r e s t  i n  a s tudy  of exchange leakage. 

Some i n v e s t i g a t i o n s  have been made of t h e  number of e l e c t r o n s  

produced by p o s i t i v e  ions such as H+,Het, Ne+, N? 

and Hg+ ,, 

A+9 

These experiments have been made most ly  with 

thorouRhly cleaned and outpassed meta l  t a r g e t s  e 10,11,12 1% 

has g e n e r a l l y  been found t h a t  between 2 and 2 0  e l e c t r o n s  are 

16J. L .  McKibben and K .  Boyer, Phys, Rev. 82, 315A (1951) 



produced by a 10C-kev p o s i t i v e  ion .  

c o e f f i c i e n t  has been found t o  i n c r e a s e  only slowly with 

anode v o l t a g e  from one hundred t o  s e v e r a l  hundred k i l o v o l t s .  

A r e c e n t  paper13 r e p o r t s  a l i n e a r  increase  i n  c o e f f i c i e n t  

f o r  helium ions on a copper t a r E e t  from 20 t o  140 k i l o v o l t s  

a c c e l e r a t i n g  vol tage  . 

I n  most cases  t h e  

Nothing is known of t h e  c o e f f i c i e n t s  f o r  product ion of 

nepa t ive  ions  by anodic p o s i t i v e  ions  i n  t h e  ene r ry  r eg ion  

of i n t e r e s t ,  McKibben and Boyer16 propose a negat ive ion- 

p o s i t i v e  i o n  exchange but  make no e s t ima tes  of t h e  c o e f f i c i e n t s ,  

The work of Sloan17 and Arnot 

f i n i t e  p r o b a b i l i t y  f o r  such a r e a c t i o n .  

spectrum of negative ions was formed by the  impact of  a s i n g l e  

s p e c i e s  of p o s i t i v e  ion ,  and t h a t  t h e  c o e f f i c i e n t  might be 

ve ry  roughly loo4 neca t ive  ion  pe r  p o s i t i v e  ion,  t h i s  a t  

a c c e l e r a t i n r  vo l tages  of on ly  a few k i l o v o l t s .  The r a t i o  of 

nega t ive  ions  t o  p o s i t i v e  ions  produced by e l e c t r o n  bombardment 

18 i n d i c a t e s  t h a t  t h e r e  is  a 

They found t h a t  a 

of organic  vapors i n  mass spectrometers  19920 :.is u s u a l l y  less 

than lo-“ ; in such cases the most abundant of the negative 

i ons  is hydride ion,  

C o e f f i c i e n t s  f o r  t h e  product ion of p o s i t i v e  ions by e l e c t r o n s  
21 have been found t o  be very s e n s i t i v e  t o  s u r f a c e  contaminat ion.  

_I 

’7R. .. H. Sloan and R. Press; Proc. Roy. Soc. A168, 284 (1938). 

’% L, Arnot and C .  Becket t ,  Nature 7 141, 1011 (1938). 

I 9 L .  G .  Smith, Phys . Rev. 2, 263 (1937). 

2oH. 0. P r i t cha rd  Chem.Rev, sp 529 (1953) 

211. F i l o s o f o  and A .  Rostagni ,  Phys. Rev. Ep 1269 (19491, 

xi ’ ,i‘ 
‘LI tu’ - 
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Experimental  values  from loo6 t o  

t h e  y i 2 l d  of p o s i t i v e  ions per i nc iden t  e l ec t ron .  l6s21 m e r e  

are no 

i n c i d e n t  nepat ive ions  

have been obtained for  

experiments on t h e  product ion of positive ions by 

The leakace c u r r e n t  i n  our system, as we shall see l a t e r ,  

is c a r r i e d  l a r g e l y  by e l e c t r o n s  and p o s i t i v e  ions.  However 

no d e f i n i t e  conclusions can be drawn from t h e  d a t a  a v a i l a b l e  

i n  t h e  l i t e r a t u r e  as t o  whether o r  not an exchange is possiBle 

invo lv ing  e l e c t r o n s ,  negat ive ions, o r  both as t h e  ca thodic  

p a r t i c l e s ,  We be l i eve  t h a t  such a mechanism, invo lv inc  both 

e l e c t r o n s  and nerrative i o n s ,  is respons ib le  f o r  t h e  leakage 

i n  our system. 

I 



I I . Experimental 

Vacuum system 

A l l  experimental  work was done i n  a c y l i n d r i c a l  meta l  

vacuum chamber, f i g u r e  1. An anode, a 9  containinp: t h e  be t a -  

emi t te r ,  i s  sunnorted on a qua r t z  rod ,  q ,  w h h h  is  mounted 

on a mounded metal  p l a t e  i n  t h e  lower p a r t  of t h e  vacuum 

chamber. The vacuum chamber is  cons t ruc ted  of b r a s s ,  excen t  

f o r  t h e  aluminum t o p .  The i n n e r  sur face  of t h e  c y l i n d r i c a l  

s e c t i o n  is t i m e d  w i t h  s o l d e r ,  J o i n t s  a r e  sea l ed  wi th  neoprene 

0 - r ines  Freased w i t h  e i t h e r  Apiezon-N o r  Afrco Hy-Qac 

s topcock Erease,, A O,Ol-inch aluminum f o i l ,  i, permi ts  

measurement of t h e  beta-ray i n t e n s i t y  a t  t h e  cathode,  A elass 

p o r t ,  p,  on one s i d e  is used f o r  v i s u a l  obse rva t ions .  With 

t h e  g l a s s  removed, p o s i t i v e  i o n  countinp: appara tus  may be 

a t t ached  a t  t h i s  po in t .  On t h e  oppos i te  s i d e  a p r o j e c t i o n  

con ta ins  an a lpha-Dar t ic le  counter ,  f ,  and an a i r  abisorption 

t u b e ,  t .  Dis t r ibu ted  around the  bottom a r e  a number of 

e l e c t r i c a l  lead-throuphs,  e ,  an i o n i z a t i o n  Taupe tube  f o r  

p re s su re  measurements, and a s to txock .  

A Duo-Seal Vacuum Pump ( No. l402B ) , with  a free a i r  

c a p a c i t y  of 1&0 l i t e r s  per  minute, i s  used a s  a fore-pump, 

A D . P O I  type  MCF-60 oil d i f f u s i o n  pump is used between t h e  

fore-pump and t h e  vacuum system, Both Octo i lW and DC-703 

s i l i c o n e  o i l  have been employed as t h e  pump oil. i n  t h e  d i f f u s i o n  

pump, A water  cooled ba f f l e  p l a t e ,  b, provides  t r a p n i n g  

between t h e  d i f f u s i o n  pump and t h e  vacuum l i n e .  During 

-8- 
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experiments t h e  prPsSure F.as o r d i n a r i l y  msintained a t  5 x loo6 

Three anodes were employed ( f i m r e  2 ) ,  1, 2.5 ,  and l+ 

cent imeters  i n  d iameter .  T h e s e  were machined from s t o c k  

aluminum metal .  The anodes a r e  s o  cons t ruc ted  t h a t  a be ta  sou rce ,  

S ,  w i l l  f i t  i n s i d e .  

0.002-inch window, W .  Each of t h e  two s m a l l e r  Znodes hac a recess 

i n  one s i d e  i n  which En a l p h a  source i s  r l aced .  

The be ta  p a r t i c l e s  s h i n e  ou t  through a 

The  suppor t inP  rod ,  q ( f i g u r e  l), was made from e i t h e r  3 

o r  5 - m i l l i m e t ~ r  Q u a r t z  rod.  I n  Some cases a n  inve r t ed  umbpella- 

l i k e  a u s r t z  p r o j e c t i o n ,  u ,  was provided c l o s e  t o  t h e  anode end of 

t h e  rod. A m i d  s t r u c t u r e ,  E ,  w i l l  be descr ibpd l a t e r .  

The aluminum anodes were cleaned w i t h  d e t e r p e n t ,  d i s t i l l e d  

water ,  and r eapen t  made  acetone before  assembly of t he  system. 

The rods were cleaned w i t h  chromic a c i d ,  d i s t i l l e d  water ,  and 

reapent  grade ace tone .  

The be ta  sou rces  conta in  a mixture of strontium-90 and 

vttrium-90 i n  s e c u l a r  equi l ibr ium,  Sources of t h r e e  d i f f e r e n t  

s t r e n p t h s  were employed. The S t r enF ths ,  i n  terms of e f f e c t i v e  

micromicroamperes of chanpinF c u r r e n t  a t  z e r o  vol taPe  , a r e  

1 5  (jY)(a), 50 (pya), ;Ind 180 ($,aa). 

prepared a s  folloxs. A 0.005-inch F t a i n l e s ?  s t e e l  s h e e t  '&'a8 

so lde red  t o  a 0.025-inch s o f t  i r o n  s h e e t .  

These be ta  sources  were 

Disks, 3/8 inch i n  

diameter ,  were stamped from the  r e s i i l t i n E  shee t .  A s o l u t i o n  

con ta in ine  t h e  mixture  of Ftrontium and y t t r i u m  v'as obtained 

from t h e  I so topes  Div i s ion ,  U,S .A .E .C ., 'Oak Ridre, 

Tennessee. The s t r o n t i u m  was p u r i f i e d ,  when necessary ,  by 



-11- 

W 
c 

2.5-cm Anode 

X- Thin w i n d o w  

S- Beta s w r c e  

R- Hole for s u m o r t i n v  rot? 

P- Sprinp: 

1-cm .$node 

FIGURE 2 

ANODES 



-12- 

p r e c i p i t a t i o n  as  t h e  carbonate  followed by r e - s o l u t i o n  i n  n i t r i c  

a c i d .  The s o l u t i o n  was p laced ,  a dron a t  a t ime,  on one of t h e  

d i s k s  and evaporated t o  dryness  w i t h  a hea t  l a r n D .  The e n t i r e  

d i s k  was then  "canned" i n  n i c k e l  bv  thermal decomposition of 

n i c k e l  carbonyl.  This Rave an a i r t i p h t  c o a t i n e ,  apqroximately 

0.001 inch t h i c k ,  which served t o  i s o l a t e  the a c t i v e  d e p o s i t .  

I 
, I  

Alpha sources  were w e p a r e +  by hydropen d e p o s i t i o n  of 

about 1 m i l l i c u r i e  of polonium-210 from a s l i p h t l y  a c i d  s o l u t i o n  

on to  a paladium foil a f e w  square mi l l ime te r s  i n  a r e a .  

Voltape determina t ion  

The e l e c t r i c  p o t e n t i a l  of t he  anode was determined by 

meas;urin(l: t h e  change i n  t h e  ranRe of alpha p a r t i c l e s  emanating 

f r o m  a source of polonium-210 on t h e  anode. Thus alDha 

p a r t i c l e s  from t h e  anode, a ( f imre l), a r e  a c c e l e r a t e d  ac ross  

t h e  vacuum space and  e n t e r  a n  a i r  abso rp t ion  tube ,  t ,  throuph a 

mica window, W. 

and a r e  de t ec t ed  i n  a flow propor t iona l  coun te r ,  f .  The ranpe 

i s  determined by va ry ing  t h e  pressure  i n  t h e  a d s o m t i o n  tube 

and e x t r a p o l a t i n r  a eraph of count ing r a t e  ve r sus  n re s su re  t o  

z e r o  count ing ra te .  

v o l t a p e  and apa in  wi th  t h e  anode a t  mound p o t e n t i a l .  The 

d i f f e r e n c e s  i n  range a r e  converted t o  d i f f e r e n c e s  i n  enerw by 

use of  publ ished range-energy da ta  . 
d i f f e r e n c e ,  expressed i n  e l e c t r o n  v o l t s ,  by two gives t h e  anode 

4 

They  then  pass  t h r o w h  a second mica window 

The r a n g e  i s  determined w i t h  t h e  anode a t  

D iv i s ion  of t h e  energy 22 

p o t e n t i a l  i n  v o l t s .  

A second, more 

22H. A .  Bethe, 

r a p i d  method f o r  determininp t h e  anode 

Rev. Mod. Phys. 22, 213 ( 1 9 5 0 ) ,  
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vo l t age  depends on c a l i b r a t i o n  of  t h e  c u r r e n t  output  of an 

i o n i z a t i o n  chamber placed above t h e  aluminum f o i l ,  i (f ipure l), 

a e a i n s t  v o l t a g e  a s  d e t e r m i n e d  by alpha range measurements. 
4 

Fipure 3 i l l u s t r a t e s  a t y p i c a l  c a l i b r a t i o n  curve.  

An indeDendent check on vol taFe  measurements was provided 

by e l e c t r i c  f i e l d  d e f l e c t i o n  of  a beam of  p o s i t i v e  ions  

or iRina t inE a t  t h e  anode, A l l  ions w i t h  t h e  same enerpy-to- 

charEe r a t i o  a r e  d e f l e c t e d  a l i k e  amount bv an e l e c t r i c  f i e l d .  

Voltajzes c a l c u l a t e d  from t h e  d e f l e c t i o n  of t h i s  beam of  i ons  

apreed w i t h  v o l t a p e s  determined by a lpha  range measurements 

w i t h i n  about 10 k i l o v o l t s .  

RecordinK system 

A g r i d  s t r u c t u r e  ( f i g u r e  k ) ,  c o n s i s t i n g  o f  two concen t r i c  

F r i d s ,  was used i n  most exmr imen t s .  The i n n e r  p r i d  ( c a l l e d  

g r i d  2 )  i s  made of 0.005-inch nichrome wires spaced about 

& i n c h  a p a r t .  

t h e  bottom, and t h r e e  equal  c y l i n d r i c a l  s e c t j o n s ,  each of 

which occuDies 120' of t h e  c i rcumference.  The o u t e r  g r i d  

( g r i d  1) is made of hardware c l o t h  which h a s  a p v o x j m a t e l y  

t h r e e  wires Der inch  i n  both d i r e c t i o n s .  This  p r i d  i s  

composed of t h r e e  s e c t i o n s ;  t h e  t o p ,  t h e  bottom, and t h e  

c y l i n d r i c a l  s e c t i o n .  

' 

G r i d  2 is composed of f i v e  s e c t i o n s ;  t h e  t o n ,  

The two p r i d s  a r e  s e p a r a t e d  by 5/8 i n c h ,  

and grid 1 is  about 1-3/8 inch from t h e  w a l l  of t h e  vacuum 

chamber. The s c r e e n i n g  f r a c t i o n  o f  g r i d  1 is approximately 

0.25.  The wires o f  p r i d  2 cover 0.02 o f  t h e  a r e a  of  t h e  g r i d ,  

and t h e  supnort inR s t r u c t u r e  covers about  0.02, makinp a t o t &  

s c r e e n i n p  f r a c t i o n  of  about 0.04. 

Bias vo l t apes  a r e  sunnl ied  t o  t h e  p r l d s  th roueh  d.c.- 



FIGURE 3 
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sh ie lded  lead-throuphs.  The b i a s  vol tapes  a r e  obtained by 

connecting t h e  d e s i r e d  number of 300-volt b a t t e r i e s  i n  s e r i e s .  

Figure 5 i s  a schematic diaeram of  t h e  e l e c t r i c a l  system. 

An automatic device  records  cu r ren t s  Dassing t o  t h e  E r i d s ,  

a s  we l l  a s  t h e  c u r r e n t  i n  t h e  i o n i z a t i o n  chamber. (Figures 5 ,  

6, 7, 8 ,  and 9 ) .  A swi t ch  box conta ins  r e l a y s  t o  s e l e c t  t h e  

channel,  res i s t o r s  t o  convert  cu r ren t s  t o  v o l t a p e s ,  and 

c a p a c i t o r s  t o  s t o r e  sudden b u r s t s  of c u r r e n t .  T h e  vo l t ape  

from t h i s  box i s  f e d  t o  t h e  input  t e rmina l  of a Cenco 

"Elec t ronic  Electrometer"  .*3 

r e s i s t a n c e  of about 1015 ohms and i s  caDable of measurinp 

This  e l ec t rome te r  h a s  an i n m t  

vol taFes  from 0 t o  5 v o l t s  o r  from ( - ) 2 . 5  t o  (+)2.5 v o l t s .  

The vo l t ape  anpearinp ac ross  t h e  t e rmina l s  of t h e  meter i n  t h e  

e l ec t rome te r  is ampl i f ied  and converted t o  a c u r r e n t .  This  

24 cur ren t  is  t h e n  used t o  d r i v e  an E s t e r l i n e - A n p s  recorder .  

The r e l a y s  which s e l e c t  t h e  proper channel a r e  con t ro l l ed  by 

a s t epo inp  switch which i n  t u r n  i s  a c t i v a t e d  bv a micro swi t ch  

on t h e  c h a r t  d r i v e  meckanism of t h e  r e c o r d e r .  Each channel is 

recorded f o r  a per iod '  w h i c h  i s  some m u l t i p l e  of 30 seconds. 

The most common Drac t ice  was t o  record w i d  c u r r e n t s  f o r  t h i r t y  

seconds each and i o n i z a t i o n  chamber c u r r e n t  f o r  60 seconds. 

A d i f f e r e n c e  a m p l i f i e r  ( f igure 7 )  i s  used t o  c o n t r o l  a 

r e l a y  which connects a 4-micromicrofarad c a n a c i t o r  ac ross  t h e  

innu t  of t h e  e l e c t r o m e t e r  when p o s i t i v e  o r  nega t ive  pulses  

l a r g e r  t han  2.5 v o l t s  i n  magnitude apDear a t  t h i s  t e rmina l .  

23Cataloe No. 71010. Cenco S c i e n t i f i c  Co. 1700 I r v i n P  
Park Road, Chicapo. 

Ind ianapo l i s  . 240-1 ma reco rde r ,  Model No. "AW. ,Esterl ine-Aneus Co., 
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FIGURE 8 
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Components -- of t h e  E l e c t r i c a l  System 

K 1 , 2  

R3 

R4 

R 5  

R6,8 

R7 
R9,12 

R10,ll 

R13 

R14,15 

R 1 6  

R17 

R l 8  

R19 

R20 

R21 

R22 

R2 3 

R24 

R24 
R26 

R27 

R28 

R29 

R30 

R31 

0.15 meg, 1% R32 100 k 

100 ohm, 10 wat t  R33 1 mea 

10 k pot.  R34 1 meg pot .  

3 3  k , 2 wa t t  R 3  5 ( d e l e t e d  1 

40 k, 5 w a t t ,  5% R37 20 k pot .  

3 k pot .  R36,38 47 k, 2 w a t t  

160 k, 1% R39 40 k, 2 w a t t  

120  k, 1% R40 4 k, 5 wat t  

8.5 k, 1 watt, 1% R41,42 470 k 

15 k, 1 watt, 1% R43 2.5 k, 5 w a t t  

2 k pot. R44 4 k, 5 wat t  

150 ohm, 1 wat t  ~ 4 5 ~ 4 6  125 ohm, 2 5  w a t t ,  a d j u s t a b l e  

200 ohm pot. Cl 30 mfd, 300 v 

390 k, 1% c2 40 mfd, 300 v 

c4 60 mfd, 300 v 

600 k, 1% c5,7 30 mfd, b50 v 

18 k, 1 watt, 1% c6,8 30 mfd, 450 v 

25 k c9 0,l mfd 

50 k pot, c10 100 mfd, 300 v 

25 k c11 10 mfd, 50 v 

250 ohm,ad j u s t a b l e  C12 0.001 mfd 

1 5  k a d j u s t a b l e ,  10 watt 

200 k, 1% c13 50 mfd, 250 v 

7.5 k, 5 w a t t  ( 3 4  40 mfd, 250 v 

rC: k, 5 watt  

f 
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Components of t h e  E l e c t r i c a l  System 

F 1  5 ma fuse 

F2 3 ampere fuse 

T 1  WC #29, 10 h ,  175 ma 

T2 S tancor  PC-8414, 1200 v ,  2CO ma 

T 3  S o l a  cons t an t  voltmge t ransformer  

T4 Thordardson t ransformer  

Relay 1 SPDT, 5 k c o i l  

Relay 2 SPDT, 5 k c o i l  

Relay 3 DPDT, 5 k c o i l  

Switch box r e l a y s  SPST, 110 VAC c o i l  

SR 

S R - 1  

S R-2 

SR-3 

SR-4 

SR-$ 

SB- 

s2 

s3 
SE 

“Minor* s t e p p i n g  relay 

bank 1 of s t e p P i n e  r e l a y ,  non-short ing 

bank 2 of s t epp ing  r e l a y ,  non-shorting 

(open i n  p o s i t i o n  1 on ly )  

s t e p p i n g  c o i l  

r e l e a s e  c o i l  

line swi t ch ,  toPRle 

SinRle  pole 10 p o s i t i o n  r o t a r y  swi tch  

micro swi tch ,  SPDT 

“General” selenium r e c t i f i e r ,  500 ma 



This  device ,  i n  conjunct ion  w i t h  t h e  c a p a c i t o r s  i n  t h e  s w i t c h  

box, can provide measurements of t h e  coulomb content  of b u r s t s  

of c u r r e n t  picked up by the  F r i d s ,  

V ic to reen  "Hi-MeE" r e s i s t o r s 2 5  a r e  used i n  t h e  swi tch  

box. For  a p a r t i c u l a r  channel a resistor was chosen s o  t h a t  

t h e  vo l t ape  drop  a c r o s s  it was between 0.1 and 3 . 5  v o l t s .  

Depending on t h e  circumstances t h i s  was lo9 t o  ohms. 

A c a p a c i t o r  was t h e n  chosen s o  t h a t  t h e  RC t ime of t h e  

r e s i s t o r - c a D a c i t o r  combination was apnroximately e a u a l  t o  t h e  

time requi red  f o r  t h e  r eco rd inp  system t o  PO throuph a complete 

cyc le  of ope ra t ion .  

T e s t s  w e r e  made w i t h  high vo l t apes  on t h e  p r i d s  t o  determine 

whether any ex t raneous  leakage c u r r e n t s  were being measured 

Such leakage c u r r e n t s  were always l e s s  t h a n  one micromicroamwre 

P o s i t i v e  - i o n  d e t e c t o r  

An e l e c t r o n  m u l t i p l i e r  used for d e t e c t i o n  of Dos i t ive  ions 

i s  i l l u s t r a t e d  i n  f i e u r e  10, T h i s  device  was cons t ruc ted  

acco rd ine  t o  a des ipn  by Allen,  26 

employed t o  a c t i v s t e  t h e  dynode s u r f a c e s .  Af t e r  about two 

months of use t h e  a m p l i f i c a t i o n  f a c t o r  of t h e  m u l t i p l i e r  had 

s t a b i l i z e d  a t  about  105, and no f u r t h e r  t r ea tmen t  was app l i ed ,  

Induc t ive  h e a t i n g  was 

The chamber c o n t a i n i n g  

and t h e  j o i n t s  a r e  sea l ed  wi th  neoprene O-rings, High vol taEe  

t h e  m u l t i p l i e r  is comnosed of brass, 

25The V i c t o r e e n  Instrument Co., 

26J. S .  Al len ,  Rev. Sci. I n s t r .  

I-ioueh Ave . , Cleveland 

739-49 (1947)* 
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f o r  t h p  oDerat ion of t h e  e l e c t r o n  m u l t i n l i e r  i s  obtained from 

a 0-7000 v o l t  r epu la t ed  supply. The normal o p e r a t i n e  v o l t a p e  

was 5,200 v o l t s  . 
The p u l s e s  produced by t h e  e l e c t r o n  m u l t i n l i e r  were 

de t ec t ed  and counted w i t h  a convent ional  system emdoying  

Atomic Instrument  C O . ~ ~  preamnl i f i e r  (model 219) 

(model 2181,  and s c a l e r  (model 131)  e 

was sometimes used  t o  record  count ing r a t e  d a t a  on t h e  

Esterline-Angus r eco rde r  . 

a m p l i f i e r  
28 A countinR r a t e  computer 

A mass snec t rometer  ( f i p r e s  11 and 1 2 )  was cons t ruc ted  

u s i n e  t h e  e l e c t r o n  m u l t i p l i e r  as a d e t e c t o r ,  and one of t h ree  

d i f f e r e n t  permanent magnets f o r  t h e  d e f l e c t i n g  f i e l d ,  The 

device  i s  operated bv r a i s i n p  o r  lower ine  t h e  d e t e c t o r  i n  

small increments  and plot t iner  t h e  count inp  r a t e  of p o s i t i v e  

i o n s  a g a i n s t  v e r t i c a l  d i s d a c e m e n t .  The spec t rometer  was 

c a l i b r a t e d  by us ing  polonium-210 a s  a source of ? a r t i c l e s  

wi th  known enerey  and known mass-to-charpe r a t i o ,  

P a r a l l e l  metal  p l a t e s ,  one above and one below t h e  Dath 

of t h e  p o s i t i v e  ions ( f i g u r e  12), serve as  e l e c t r i c  f i e l d  

d e f l e c t o r s  of t h e  p o s i t i v e  ions .  E l e c t r i c  d e f l e c t i o n  was used 

both  t o  extend t h e  range of t h e  mass spec t rometer  and t o  

provide a measure of t he  e n e r m  of t h e  ions .  

A Faraday cage,  i l l u s t r a t e d  i n  f i p u r e  1 3 ,  was used &a 

con junc t ion  wi th  t h e  e l e c t r o n  m u l t i p l i e r  t o  determine t h e  

27Atomic Instrument Co. Cambridge, Massachusetts 

28Berkeley S c i e n t i f i c  C8 (model 1600) Richmond, Ca l i f  
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y i e l d s  of secondary e l e c t r o n s  and of secondary p o s i t i v e  ions  

p e r  i n c i d e n t  high-enerEy pozj tive ion .  The g f f ec t  of t a r g e t  

m a t e r i a l  was determined by p l a c i n g  var ious  m a t e r i a l s  i n  t h e  

r e a r  of t h e  cage. A s m a l l  s l i t ,  (3.5 inch  by 0,016 inch ,  allows 

one-e igh t i e th  of t h e  p o s i t l v e  ions  which e n t e r  t h e  cape t o  

pas s  throuczh t o  t h e  e l e c t r o n  m u l t i D l i e r ,  

produced i n  the  cape a r e  collected on a c o l l e c t o r  p l a t e  

Charged p a r t i c l e s  

which i s  madntained a t  mound p o t e n t i a l ,  ? o t e n t i a l  d i f f e r e n c e s  

t o  f a c i l i t a t e  t h e  c o l l e c t i o n  a r e  provided by b i a s i n g  t h e  cage 

p o s i t i v e l y  o r  nega t ive ly .  

S blenoid winding 

F o r  a few experiments one hundred turns of wire were 

wound around t h e  c y l i n d r i c a l  s e c t i o n  of t h e  vacuum system, 

Ten amperes of e l e c t r i c a l  c u r r e n t  p a s s i n p  through t h i s  winding. 

produded a magnetic f i e l d  of about 20  gauss p a r a l l e l  t o  t h e  

axis of t h e  system, 



111. Experimental Resul t s  

I n  some cases7?'the p o t e n t i a l  Pradient  a t  2n e l e c t r o d e  

s u r f a c e  has been found t o  be ar, important f a c t o r  i n  e l e c t r i c a l  

leakape a c r o s s  a yacuum snace .  k summary of t.he n o t e n t i 2 1  

p r a d i e n t s  a s  a f u n c t i o n  of anode noten t ia l ,V,  a t  t h e  v a r i o u s  

e l e c t r o d e s  i n  our system i s  presented i n  t a b l e  1. T h e  numbers 

were obtained by t h e  assumntion t h a t  t h e  f i e l d  a t  t h e  cathode 

i s  t h e  same a s  t h e  f i e l d  a t  a s r )he r i ca l  cathode o f  t h e  same 

diameter .  A t e s t  o f  t h e  v a l i d i t y  of thJs apnroximation was 

conducted i n  an e l e c t r o l y t i c  ba th  with Eeometrv similar t o  

t h a t  of our vacuum system. 29 

t h i s  t e s t .  The f i e l d  st t h e  nr id  wFres was obtained bv  

mul t ip ly inF  t h e  f i e l d  a t  a cathode of t h a t  r ad ius  bv  t h e  

r a t i o  of t h e  t o t a l  c a t h o d e  su r face  t o  t h e  t o t a l  s a r f a c e  a r e a  

Table  2 p resents  t h e  da t a  from 

of  t h e  wires .  

Table 1 - 
Grid 2 G r i d  2 C a t h o d e  Cathode Anode Anode 

r a d i u s  f i e l d  r a d i u s  f i e l d  r a d i u s  f i e l d *  

0.5 cm 2 . 1  V cm-l 13.4 cm 0.06 V cm-1 17.5 cm 0,0017 V cm"' 

2 .o 0.59 1 3  .4 0.27 17.5 0.0074 

- 

*9This experiment was nerformed by W s .  Joan T u t t l e .  

*The cathode f i e l d  p iven  i n  t h i s  t a b l e  r e f e r s  t o  cases  
i n  which t h e  m i d  syctem h a s  beon removed, 
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Table - 2 

Anode r a d i u s  Cathode r a d i u s  Cathode g rad ien t  

0,9 cm 17.4 cm 0.003A V cm-’ 0.0031 V cm-’ 

0.9 4.8 0.069 0.048 

me as ured c a l c u l a t e d  

Two t p e s  of voltaRe l i m i t a t i o n  a r e  encountered i n  o u r  

system. The  f i rs t  is cha rac t e r i zed  by sDark diFcharpes,  t h e  

second by a s teady  leakape of c u r r e n t  throupk t h e  vacuum 

space a t  a l i m i t i n g  v o l t a e e .  I n  t h e  fo l lowing  we w i l l  

d e s c r i b e  some of t h e  f e a t u r e s  of t h e s e  v o l t a r e  l i m i t a t i o n s ,  

L imi t ing  vol taEes  

For  a given anode s i z e  and shape two f a c t o r s  which a r e  

impor tan t  i n  determininR t h e  l i m i t i n g  vol tape  a r e  cha rq ine  

c u r r e n t  and p i d  bias, I n  fiwre 14 l i m i t i n p  vo l t ape  i s  

p l o t t e d  a s  a f u n c t i o n  of t he  v o l t a p e  on g r i d  2 .  Three  anodes 

and t h r e e  charp ina  c u r r e n t s  a r e  r ep resen ted .  I n  f i p u r e  15 

t h e   lo^ of l i m i t i n g  voltagbifhiEh m i d  b i a s  is d o t t e d  a p a i n s t  

the l o p  of charninfr current.  The charging current h a s  been 

c o r r e c t e d  f o r  t hose  be ta  D a r t i c l e s  wh ich  have i n s u f f i c i e n t  

enerpy t o  t r a v e r s e  t h e  vo l t age  pap between anode and ca thode ,  

T h i s  c o r r e c t i o n  was made by t h e  assummion t h a t  t h e  i o n  

chamber c u r r e n t  i s  p ropor t iona l  t o  t h e  be ta  f lux  a t  t h e  cathode,  

The slope of t h e  l i n e s  i n  f i g u r e  15 i n d i c a t e  an  apnroximate 

r e l a t i o n  I=kV30k, where V is v o l t a g e  and I i s  leakape c u r r e n t .  

G r i d  c u r r e n t s  - 
The two C r i d s ,  p r i d  1 biased p o s i t i v e l v  and m i d  2 
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Firrure 14 

Voltape vs Grid-2  Bias 
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EFFECT OF CHBBiGING CURRENT ON 

LIMITING VOLTAGE 
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biased  nega t ive ly  wi th  r e spec t  t o  t h e  cathode,  o r d i n a r i l y  

draw c u r r e n t s  a t  t h e  l imi t inR  anode vo l t ape .  The mamitude 

of t h e s e  c u r r e n t s  v a r i e s  w i t h  ,gr id  b i z s ,  anode vo l t ape ,  charp inp  

c u r r e n t ,  and anode s i ze .  3 1  

Currents  a r e  a l s o  drawn by t h e  p r i d s  durinp: t h e  Deriod 

' of  time requ i r ed  f o r  t h e  anode t o  reach  a l imitincr v o l t a p e .  

F igures  16 throuph 22  i l l u s t r a t e  t h e  chanpes i n  m i d  c u r r e n t s  

and anode vo l t ape  du r inp  t h i s  period f o r  t h e  va r ious  anodes. 

The source  s t r e n g t h  ( charping c u r r e n t  a t  zero v o l t s )  was 

50 micromicroamperes i n  a l l  cases .  The quar t z  rod used wi th  

t h e  1-cm anode had a n  umbrel la- l ike p r o j e c t i o n  j u s t  below t h e  

anode. 

The mamitude of t h e  c u r r e n t  f lowinp t o  m i d  1, when t h e  

anode is  1 cm i n  d i a m e t e r  and pri-d 2 i s  biased n e p a t i v e l y  a t  

-900 v o 1 t s . o r  more, v a r i e s  apm-oximately a s  t h e  t h i r d  Dower 

o f  t h e  anode vol tage .  I n  f i p r e  2 3  t h e  l o p  of n r i d  1 c u r r e n t  

i s  p l o t t e d  apa inpt  t h e   lo,^ of anode vo l t ape .  T h r e e  source  

s t r e n f i h s  a r e  r en resen ted ,  1 5 ,  50, and 180 micrornicroamneres, 

I n  each case  t h e  b i a s  on m i d  2 was -1200 v o l t s  and t h e  b i a s  

on g r i d  1 was 300 v o l t s .  Inc reeses  i n  t h e  b i a s  on p r i d  2 d i d  

not  a f f e c t  t h e  c u r r e n t  drawn by g r i d  1 under t h e s e c c o n d i t i o n s ,  

The r e l a t i o n  of m i d  1 c u r r e n t  t o  anode vo l t ape  a t  hiRh 

grid 2. b i a s  is sornewhat d i f f e r e n t  f o r  t h e  2 . 5  and 1-cm anodes, 

A p l o t  of current  a m i n s t  t h e  cube of t h e  v o l t a p e  i s  no t  a 

s t r a i g h t  l i n e .  

s t r a i g h t  up  t o  about 200 k i l o v o l t s .  

anode it is s t r a i p h t '  un t o  about 170 k i l o v o l t s .  

I n  t h e  case  of t h e  2.5-cm anode t h e  l i n e  is 

I n  t h e  case of t h e  4-cm 

A t  VoltaPes 
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FIGURE 23 
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above t h e s e  po in t s  t h e  c u r r e n t  i n c r e a s e s  more r a p i d l y  than  

t h e  t h i r d  power of anode vo l t age .  T h i s  behavior is i l l u s t r a t e d  

i n  f i w r e  24. 

Mhen Errid 2 is biased  a t  a h i g h  n e r a t i v e  v o l t a e e  t h e  

cnr ren t  drawn by g r i d  1 is approximately p r o p o r t i o n a l  t o  t h e  

squa re  r o o t  of t h e  source s t r e n p t h ,  T h i s  i s  t r u e  of t h e  1-cm 

anode a t  a l l  vo l t ages .  I n  t h e  case  of t h e  2 . 5  and 4-cm anodes 

t h i s  i s  t r u e  up t o  about 200 and 170 k i l o v o l t s  resDect ive ly .  

F igu re  25  i l l u s t r a t e s  t h i s  r e l a t i o n .  

With a l l  t h ree  anodes the re  is a ' ' c r i t i c a l "  g r i d  b i a s  

beyond which increases i n  b i a s  p o d u c e  no chanFe i n  vo l t ape ,  

(See  f i p u r e  U.) A t  m i d  b i a s e s  below this c r i t i c a l  va lue  

t h e  c u r r e n t  drawn by m i d  1 rises very  r a p i d l y  a s  t h e  anode 

v o l t a p e  approaches a l i m i t i n p  value. This  behavior  is 

i l l u s t r a t e d  i n  fi,wras 26 and 27  for t h e  4-cm anode and t h e  

50-micromicroampere source .  

The maenitude of t h e  c u r r e n t  drawn b:' ,mid 1 i s  

independent of t h e  p o t e n t i a l  d i f f e r e n c e  between g r i d  1 and 

t h e  cathocie i f  t h i s  d i f f e r e n c e  is  g r e a t e r  t h a n  about 90 vol ts ,  

The c u r r e n t  drawn by R r i d  1 when p o s i t i v e l y  b iased  is p o s i t i v e ,  

i n d i c a t i n g  c o l l e c t i o n  of n e r a t i v e  e l e c t r i c i t y  from t h e  vacuum 

space o r  l o s s  of e l e c t r i c i t y  of t h e  oppes i t e  sipn- '  t o  t h e  

vacuum space.  

If t h e  b i a s  on m i d  1 is made negat ive  t h e  c u r r e n t  f low 

is  i n  t h e  oppos i te  s ense ,  i n d i c e t i n a  loss  of neRative e l e c t r i c i t y  

o r  c o l l e c t i o n  of p o 4 i t i v e  e l e c t r i c i t y ,  I n  one case  w i t h  -1200 

v o l t s  on p r i d  2 t h e  c u r r e n t  t o  g r i d  1 was 50 micromicroamperes 
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FIGURE 26 
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a t  -300 v o l t s  b i a s  and 100 micromicroamperes a t  -600 v o l t s  b i a s ,  

As can be seen i n  f i p r e s  16 through 22  t he  cur ren t  

f l owin r  t o  grid 2 i s  not a simple func t ion  of anode vol tage 

o r  b i a s ,  The fol lowine f e a t u r e s  a r e  observed. Xi th  zero anode 

vol tage  and t h e  anode charging f r e e l y ,  g r i d  2 draws a cu r ren t  

approximately equal t o  t he  chareinp cu r ren t ,  

t h a t  t h e  cathode wal l  i s  cu t  o f f  from t h e  anode f i e l d  by t h e  

g r i d  b i a s ,  t h e  g r id  i s  a c t i n g  a s  t h e  cathode and must increase  

i t s  negat ive charge a t  t h e  same r a t e  t h a t  t h e  anode p o s i t i v e  

charge inc reases ,  The g r i d  obta ins  t h i s  charRe by drawing 3 

To t h e  ex ten t  

cu r ren t  from the  e x t e r n a l  connection, As t he  voltage on t h e  

anode increases  t h e  charc ine  cu r ren t  decreases and correspond- 

ing ly  t h e  current  t o  t h e  m i d  decreases .  When t h e  b i a s  on 

g r i d  2 is betow the  c r i t i c a l  va lue ,  t he  cur ren t  t o  p r id  2 

drops sha rp ly  a s  t h e  anode reaches t h e  l i m i t i n p  vol tape ,  I n  

t h i s  condi t ion  t h e r e  remains an appreciable  grid-2 cu r ren t  due 

t o  c o l l e c t i o n  of p o s i t i v e  e l e c t r i c i t y  o r  t o  loss of nepat ive 

e l e c t r i c i t y  by e r i d  2.  

Measurements of t h e  cur ren t  flowfnp t o  two s e p a r a t e  

por t ions  of g r i d  2 showed that t h e  e f f e c t s  just discussed a r e  

evenly d i s t r i b u t e d  about t h e  axis  of t h e  chamber. Measurements 

made w i t h  separa te  t o p  sec t ions  of both g r i d s  ind ica ted  t h a t  

t h e  e f f e c t s  were not  s p h e r i c a l l y  i s o t r o p i c ,  The t o p  s e c t i o n  

of g r i d  1 subtends approximately 0,04 of t h e  t o t a l  s o l i d  angle 

about t h e  anode, but t h i s  s e c t i o n  of t h e  g r i d  picks up from 

10 t o  2 0  pe r  cent of t h e  t o t a l  p i d  1 cur ren t  a t  l i m i t i n e  

vol tage .  Other evidence of an iso t ropy ,  esDecial ly  with t h e  
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1-cm anode, w i l l  be presented l a t e r  

General observations 

The b a f f l e  ( b ,  f igure 1) was o r d i n a r i l y  cooled w i t h  t a p  

water ,  I n  one experiment i c e  water was pumped through t h e  

c o i l s  i n  s u f f i c i e n t  quan t i ty  to maintain the  temperature a t  

about 7O C. I n  t h e  course of s e v e r a l  hours t h e  anode v o l t a m  

increased 15 kilovolts. When t a p  water was again  passed 

through t h e  c o i l s  t h e  anode v o l t a r e  dropped t o  i t s  o r i g i n a l  

value in about 30 minutes. 

I n  one series of experiments two gtections of mid 2 

were biased a t  d i f f e r e n t  vo l t apes ,  The anode voltaece obtained 

under these conditions was h i p h e r  than t h a t  obtained with both 

g r i d  s e c t i o n s  a t  t h e  lower b i a s  but not as h ich  as t h e  s o l t a n e  

obtained w i t h  both m i d  s e c t i o n s  a t  t h e  h i p h e r  bias, 

Occasionally t he  quar tz  rod used t o  suooort  t h e  anode 

became unusable, presumably because of sur face  contamination, 

T h i s  condi t ion  was usually accompanied by spark discharge 

l i m i t a t i o n  of t h e  anode vol tape .  

l i m i t a t i o n  of t h e  vol tape on t h e  4-cm anode was traced t o  a 

s t eady  leakage of cu r ren t  from t h e  su r face  of t he  rod. I n  

t h i s  case t h e  vol tage was l imi t ed  e t  25 kilovolts ,and grid 1 

c o l l e c t e d  a nepative cu r ren t  t e n  times t h e  mapnitude of t h e  

charqing cur ren t  e 

Spark discharyes 

However, i n  one in s t ance ,  

A t  times the  anode vo l t age  was l imi t ed  by spark d ischarpes ,  

Discharges sometimes occurred after the anode vol tape  had 

l eve led  of f  a t  a dark-current-l imited value,  These discharpes 
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c a n  be grouped i n  two c a t e g o r i e s .  

d i scharEes  i n  wh-ich t h e  anode c h a r c e  i s  a lmos t  comple t e ly  

n e u t r a l i z e d .  The second c a t e e o r y  i n c l u d e s  t h o s e  d j s c h a r n e s  

i n  which t h e  anode v o l t a p e  i s  reduced  by abou t  2 0  k i l o v o l t s  o r  

l e s s .  

The f i r s t  c a t e n o r y  i n c l u d e s  

The f i rs t  t v n e  of d ischarg .e  i s  accompanied by l a r P e  

b u r s t s  of  c u r r e n t  t o  a l l  s e c t i o n s  of both r r r i d s .  The coulomb 

c o n t e n t  of t h e  c u r r e n t  c o l l e c t e d  f r m  t h e  vacuum space by 

F r i d  2 d u r i n p  one o f  these  d i s c h a r g e 5  was u s u a l l v  s e v e r a l  

t i m e s  t h e  anode charee  a t  t h e  i n i t i a l  v o l t a p e  a n d  was i n v a r i -  

a b l y  p o s i t i v e .  A simple exchanRe of  cha ree  between t h e  anode 

and R r i d  2 would n o t  Droduce a f l o w  of c u r r e n t  f rom a n  e x t e r n a l  

s o u r c e .  Thus t h e  f a c t  t h a t  ,mid  2 d i d  draw a c u r r e n t  i n d i c a t e s  

t h a t  mom charged p a r t i c l e s  e n t e r e d  t h e  vacucm s p a c e  d u r i n g  a 

discharere  t h a n  were required t o  n e u t r a l i z e  t h e  anode c h a r a e ,  

During one of  these  d i s c h a r p e s  , m i d  1 c o l l e c t e d  f rom t h e  vacuum 

s p a c e  a n  amount d n e c a t i v e  e l e c t r i c i t y  e q u i v a l e n t  t o  someth inp  

be tween 10 and 20 times t h e  charge on t h e  anode. 

D i s c h a r p e s  of a f e w  t o  a b o u t  2 0  k i l o v o l t s  were v a r i a b l e  

i n  t h e i r  e f f e c t  on p r i d  c u r r e n t s .  I n  one i n s t a n c e  a narrative 

p u l s e  was observed on one s e c t i o n  of grjd 2, and a rmsititte 

pulse was observed OK t h e  o t h e r  s e c t i o n  of  n r i d  2 ,  A p o s i t i v e  

pulse appeared  on -grid 1. T h i s  b e h a v i o r  i n d i c a t e s  t h a t  t hese  

s m a l l  8 i scha rRes  a r e  sometimes a n i s o t r o p i c  a b o u t  t h e  anode. 

V a r i a t i o n s  i n  t h i s  b e h a v i o r  i n c l u d e d  t h e  apqea rance  o f  n e p a t i v e  

o r  p o s i t i v e  pulses on a l l  of mid 2 .  Occasionally one s e c t i o n  

of p r i d  2 c o l l e c t e d  j u s t  t h e  a p r o p r i a t e  charge t o  o f f s e t  t h e  
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d rop  i n  anode vo l t age  and no pulse  apneared on t h a t  s e c t i o n ,  

The charges c o l l e c t e d  by t h e  g r i d s  a s  a r e s u l t  o f  a 

d i scha rge  were not c o l l e c t e d  in s t an taneous ly ,  

d r o p  a c r o s s  a r e s i s t o r  r o s e  v e r y  r a p i d l y  t o  a maximum and 

t h e n  decayed approximately e x p o n e n t i a l l y  with a h a l f  t i m e  of 

about a minute. The RC time of t h e  c i r c u i t  du r ing  t h e s e  

observa t ions  was much l e s z  t h a n  a minute. 

The v o l t a g e  

These two types  of spark d ischarpes  were encountered 

w i t h  a l l  t h r e e  anode s i zes  and wi th  most p r i d  b i a s e s .  With 

t h e  2.5 and 4-cm anodes and with t h e  R r i d s  a t  mound p o t e n t i a l  

t h e  d i scha rqes  were a l m o s t  e x c l u s i v l y  i n  t h e  f i r s t  ca tepory .  

I n  one experiment a 2.5-cm t e f l o n  anode was l i m i t e d  by 

d ischarEes  of t h e  second t y p e .  

The  tendency t o  spark d i scha ree  decreases  markedly a s  

t h e  anode s i z e  i n c r e a s e s .  The p r o b a b i l i t y  o f  d i scha rge  wi th  

t h e  1-cm anode was s o  Erea t  t h a t  i t  was o f t e n  d i f f i c u l t  t o  

ma in ta in  a s t e a d y  h i e h  vo l t aEe ,  The opnos i te  was true w i t h  

t h e  4-cm anode; w i t h  it s p a r k  discbarEe was u s u a l l y  r a r e ,  

When t h e  bias on p r i d  2 was s u d d e n l y  reduced t o  ae ro  v o l t s ,  

the v o l t a e e  on t h e  4-cm anode decreased r a p i d l y ,  u s u a l l y  i n  a 

m a t t e r  of l e s s  than  a second, t o  t h e  l i m i t i n p  v o l t a e e  for zero 

grfd  b i a s .  Similar experiments w i t h  t h e  P-crn anode u s u a l l y  

proeuced a snark  d i scha rge  t o  z e r o  k i l o v o l t s ,  A q u a r t z  

umbre l la - l ike  p r o j e c t i o n  on t h e  support ing  rod reduced t h e  

tendency of t h e  1-crn anode t o  be l imi t ed  bv snark  discharrre 

b u t  d id  not  i n c r e a s e  t h e  l i m i t i n g  vo l t age  apprec i ab ly .  
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P r e s s u r e  e f f ec t  

The b e h a v i o r  of t h e  system was found t o  b e  apnrox imdte ly  

independent  of r e s i d u a l  gas p r e s s u r e  f o r  p r e s s u r e s  be low a b o u t  

10n4m Ha. 

value ,  s m a l l  i n c r e a s e s  i n  anode v o l t a e e  were u s u a l l y  observed .  

A t  about  10-3 mm Hp t h e  pas induced a d i s c h a r g e .  

t y p i c a l  experircent a r e  i l l u s t r a t e d  i n  f i g u r e  28. 

P o s i t i v e  ions 

When t h e  p r e s s u r e  was al lowed t o  r i s e  above t h i s  

R e s u l t s  o f  a 

- 
The e l e c t r o n  m u l t i D l i e r  d e s c r i b e d  i n  s e c t i o n  II o f  t h i s  

t h e s i s  wes used  t o  d e t e c t  e n e r F e t j c  p a r t ? c l e s  o r i P i n a t i n p  a t  

t h e  anode s u r f a c e ,  I n  t h e  f o l l o w i n p  parar raDhs  w e  n r e s e n t  

some * n e r a l  observations with r e p a r d  t o  t h e s e  D a r t i c l p s .  

L a t e r  we will d e s c r i b e  t h e i r  composi t ion  and s n e c i f i c  e f f e c t s  

i n  more d e t a i l .  

E a r l y  exper iments  w i t h  t h e  p o s i t i v e  i o n  c o u n t e r  showed 

t h a t  a t  e v e r y  s t e a 3 y  l i m i t i n p  v o l t a p e  a number o f  energetic 

p a r t i c l e s  were beine: e m i t t e d  from t h e  s u r f a c e  of  t h e  anode. 

k t y p i c a l  p u l s e  h e i p h t  spec t rum ob ta ined  w i t h  t h e  e l e c t r o n  

multiplier is i l l u s t r a t e d  i n  f i m r e  29. 

Elec t r i c  d e f l e c t i o n  of these  p a r t i c l e s  showed t h a t  t h e  

M a j o r i t y  of t h e  o a r t i c l e s  were qositively charped  . A p o t e n t i a l  

d i f f e r e n c e  of a f e w  hundred v o l t s  between two pa ra ] - l e1  n l a t e s  

( see  fiezlre 1 2 )  s e r v e d  a s  a means of  d e f l e c t i o n ,  Yhen a beam 

of charned n a r t i c l e s  t r a v e m e s  a n  e l e c t r i c  f i e l d  n e r n e n 8 i c u l a r  

t o  t h e  l i n e  of f l i p h t  o f  p a r t i c l e s ,  t h e  beam i s  d e f l e c t e d  a n  

amount Dropor t iona l  t o  t h e  i n t e n s i t y  of  t h e  f i . e l d  2nd i n v e r s e l y  

prom-rt ional  t o  t h e  e n e r q  D e r  u n i t  cha rpe  of t h e  p a r t i c l e s .  
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Figure 30 i l l u s t r a t e s  a t y p i c a l  r e s u l t  of such  a n  experiment 

i n  our system. The large peak a t  t h e  l e f t  represents  t h e  

t o t a l  beam of p a r t i c l e s  with no d e f l e c t i m  f i e l d .  The curve 

fol lowing t h e  s o l i d  d o t s  r ep resen t s  the spectrum with a n  

e l e c t r i c  f i e l d  of 800 v o l t s  cm-l across  10 cent imeters  of 

t h e  path of t he  beam. The major port ion of t h e  beam was 

def l ec t ed  0.71 inch i n  t he  d i r e c t i o n  of t h e  neRatively charped 

p l a t e .  About 7 per cent of t h e  t o t a l  beam was not de f l ec t ed  

by t h e  e l e c t r i c  f i e l d ,  We i n t e r p r e t  t h i s  t o  mean t h a t  about 

7 per  cent  of t h e  Dos i t ive ly  charged p a r t i c l e s  decompose i n t o  

a n e u t r a l  and a charped fragment a t  some poin t  i n  the  path 

between anode and d e f l e c t i o n  p l a t e s .  The t a i l  on t h e  r i g h t  

s i d e  of t h e  def lec ted  peak was reproducible and apparent ly  

r ep resen t s  p a r t i c l e s  with s l i R h t l y  less than  t h e  maximum 

enerey pe r  u n i t  charce,  

The acce le ra t inp  vol tage  through which the  p o s i t i v e l y  

charped p a r t i c l e s  had passed was ca lcu la ted  from t h e  magnitude 

of t h e  de f l ec t ion .  I n  every case t h i s  voltage corredponded 

with t h e  anode vo l t age ;  i n  f a c t ,  as was mentioned previously,  

t h i s  method was used as an independent check on t h e  anode vol tape,  

The h e i p h t  of t h e  undef lec tab le  "neutral"  peak r e l a t i v e  'e 1, 

t o  t h e  heipht  of t h e  t o t a l  p o s i t i v e  ion  peak var ied from about 

3 t o  about 2 0  per cent .  This  v a r i a t i o n  d i d  not appear t o  be 

r e l a t e d  t o  anode s i z e  o r  vo l tage  o r  t o  the  nr id  b i a s .  

I n  e a r l y  experiments two peaks were observed with no 

d e f l e c t i n g  f i e l d .  T h i s  phenomenon occurred only when t h e  1-cm 

anode was used w i t h  t he  umbrella-rod. The peaks were separated 
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by a d i s t a n c e  which corresDonded w l t h  t h P  d i s t a n c e  between t h e  

c e n t e r  o f  t h e  anode and t h e  upper  edoe o f  t h e  u m b r e l l a - l i k e  

p r o j e c t i o n  on t h e  r o d .  E l e c t r i c  d e f l e c t i o n  o f . t h e  two oeaks 

i n d i c a t e d  t h a t  t h e y  had been a c c e l e r a t e d  throuph v o l t a r e s  

which d i f f e r e d  by no more t h a n  abou t  40 k i l o v o l t s .  The h e i p h t  

of t h e  peak Hue t o  p a r t i c l e s  fran t h e  umbre l la  was e x t r e m e l y  

e r r a t i c ,  v a r y i n g  i n  a f e w  minutes  from about  t h e  same mapnitude 

as t h e  Deak due t o  p a r t i c l e s  from t h e  anode t o  abou t  one - t en th  

t h a t  value.  Because o f  t h i s  e r r a t i c  b e h a v i o r ,  q u a n t i t a t i v e  

d a t a  were n o t  ob ta ined  a s  t o  a c c e l e r a t i n e  v o l t a c e  o r  mass-to- 

charEe  r a t i o s  f o r  t h e  D a r t i c l e s  o r i d n a t i n p  a t  t h e  u m b r e l l a ,  

I n  l a t e r  expe r imen t s ,  t h i s  neak from t h e  umbre l la  was 

exc luded  by  d e f i n i n p  a narrow p a t h  from t h e  anode t o  t h e  c o u n t e r .  

The charpe--on t h e  u m b r e l l a  w s  s t i l l  a p m r e n t  f rom a n o t h e r  

Dhenomenon. Y i t h  t b e  1-cm anode suppor t ed  on t h e  umbre l la - rod ,  

t h e  p o s i t i o n  of t h e  beam a t  t h e  c o u n t e r  s h i f t e d  s l o w l v  uDward 

a s  t h e  anode v o l t a F e  i n c r e a s e d .  Th i s  would r e s u l t  i f  t h e  

v o l t a g e  on t h e  umbre l l a  were e lways  a f i x e d  number of k i l o v o l t s  

below t h e  v o l t a E e  on the anode,  Thus a s  t h e  anode v o l t a R e  

i n c r e a s e d ,  the  d i s t o r t i o n  of  t h e  f i e l d  su r round inE  t h e  anode 

would i n c r e a s e .  Under t h e  same c i r cums tances  it was noted  t h a t  

t h e  p o s i t i o n  of t h e  n e u t r a l  Deak d i f f e r e d  from t h e  D o s i t i o n  of 

t h e  p o s i t i v e  i o n  peak when no d e f l e c t i n n  f i e l d  was a p n l i e d .  

The pos i t ions  of t h e s e  two peaks were such  t h a t  t h e  n e u t r a l  

p a r t i c l e s  a p p a r e n t l y  o r i E i n a t e d  a t  a p o i n t  abou t  0.1 mm above 

t h e  p o i n t  of o r i p i n  o f  t h e  p o s i t i v e  ions. T h i s  i s  a n  i n d i c g t i o n  

t h a t  t h e  f r a m n e n t a t i o n  which r e s u l t e d  i n  t b r  f o r m a t i o n  of most 
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of t h e  neutral part ic les  took p lace  c l o s e  t o  t h e  s u r f a c e  of 

t h e  anode. 

The coun t inv  r a t e  of  the p o s i t i v e  i o n s  is i n  penera1 a 

f u n c t i o n  of t h e  anode v o l t a p e .  Fiwre 31 i l l u s t r a t e s  t h i s  

dependence f o r  t h e  1-cm anode w i t h  g r i d  2 a t  -1200 v o l t s  and 

E r i d  1 a t  t.300 v o l t s .  The c u r r e n t  drawn by m i d  1 i s  i n c l u d e d  

f o r  purposes  of comparison.  

micromicroamperes.  This curve  i s  t y p i c a l  of t h e  1-crn anode for 

a l l  gr id-2 b i a s e s  above t h e  c r i t i c a l  v a l u e .  4 s i m i l a r  r e l a t i o n  

between t h e  c o u n t i n g  rate and g r i d - 1  c u r r e n t  i s  found f o r  t h e  

2 .5  and 4-cm anodes.  ( S e e  f i m r e s  18-22, 31, 32.) 

The s o u r c e  s t r e n p t h  was 180 

Count ing  r a t e  v e r s u s  v o l t a g e  c a r v e s  a t  low p r i d - 2  biases  

a r e  i l l u s t r a t e d  for t h o  2.5;-cm anode w i t h  a 5 0 - m i c r a n i c r o a m ~ e r e  

s o u r c e  jn f i r u r e  3 2 .  S i m i l a r  results a r e  ob ta ined  w i t h  t h e  

o t h o r  anodes.  

The c o u n t i n p  r a t e  a t  a l i m i t i n p  v o l t a a e  w;?s found t o  vary 

w i t h  t h e  v o l t a p e .  Table  3 i l l u s t r a t e s  t h i s  dependence f o r  t h e  

three anodes. These numbers were o b t a i n e d  w i t h  a 180-micro- 

microampere s o u r c e .  The s l i t  l i m i t i n g  t h e  number of par t ic les  

which  c a n  s t r i k e  t h e  c o u n t e r  subtended 6.4 Y IOo6 of t h e  t o t a l  

s o l i d  a n g l e  about  t h e  anode and was i n  t h e  e q u a t o r i a l  p lane  of 

t h e  anode. The v a l u e s  f o r  t h e  1-cm anode were o b t a i n e d  w i t h  an  

umbre l l a - rod ;  no provision was msde t o  b lock  o f f  t h e  p a r t i c l e s  

coming from t h e  u m b r e l l a .  
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Table 2 

1-cm anode 2.5-cm anode 4-cm anode 
coun 

G r i d - 2  anode count r a t e  anode count r t e  anode 
bias vol tage  x 10-3 vol tage x 1 0 ~ ~  -..- voltage x i o -  
g r i d  55 k~ 4 min-1 
removed 

0 v o l t s  80 kv 2.6 =ino1 80 kv 6 min" 1 65 1 3  

-300 1 5 5  5.5 

-600 2 1 5  10 1 2  5 2 0  

-900 220 13  1 5 5  33 

-1200 310 1 5  19 5 40 

-1800 225 23 2 50 r*6 

-2400 225 23 

A t  t imes t h e  counting r a t e  was steady,  a t  o t h e r  times 

it was unsteady. I n  genera l  t h e  counting r a t e  was steady a t  

high 1imi t inF  voltaRes w i t h  a hieh b i a s  on m i d  2 and unsteady 

with a low bias  on E r i d  2.  A t  low pr id-2  b i a s e s  t h e  p a r t i c l e s  

appeared i n  bursts ranping from about 1 t o  more t h a n  60 

mil l iseconds i n  du ra t ion .  Each of these b u r s t s  produced from 

10 t o  more than  1000 counts. The frequency of t h e  bu r s t s  was 

such t h a t  successive 1-minute counts,  a t  a countinE r a t e  of 

about 10,000 min-l, d i f f e r e d  by less than  about 10 per c e n t o  

These b u r s t s  were observed t o  coincide with b u r s t s  of cur ren t  

t o  g r i d  1. 

A considerable  number of "double pulses" were observed 

i n  o sc i l l o scop ic  obsevations of t h e  pulses  from t h e  e l e c t r o n  

m u l t i p l i e r .  These appeared much t o o  f r equen t ly  t o  be merely 
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acc iden ta l  coincidences.  

appeared wi th in  about 3 microseconds of t h e  f i r s t  and was 

about h a l f  t h e  magnitude of t h e  f irst .  Visual  es t imates  

ind ica ted  t h a t  something less than  one i n  t e n  of t h e  pulses 

appearing on t h e  osc i l loscope  were double. 

The second of t h e  two pulses usua l ly  

The immediate e f f e c t  on t h e  countinp r a t e  of a change 

of p r i d  b i a s  was found t o  depend on anode s i z e  and p o t e n t i a l  

and on t h e  i n i t i a l  m i d  b ias .  Chanpes i n  e r i d  b i a s  when both 

i n i t i a l  and f i n a l  b i a s  were above t h e  c r t t t c d l  value produced 

no e f f e c t  on t h e  countinn r a t e .  

i n i t i a l l y  above t h e  l i m i t i n e  vo l t aee  f o r  t h e  f i n a l  mid b i a s  a 

reduct ion  i n  @d-2 b i a s  produced a b u r s t  of p a r t i c l e s .  The 

1-cm anode u s u a l l y  spark-discharged under t h e s e  condit-ions ; A  

t h e  4-cm anode sometimes produced a h i n h  count r a t e  f o r  about 

a second which t h e n  leveled off  a t  a lower vol tape.  When t h e  

anode was l imi t ed  w i t h  a p i d  b i a s  below t h e  c r i t i c a l  va lue ,  

a n  increase  i n  p r i d - 2  b i a s  produced a s h a r p  reduct ion  i n  

countinp r a t e .  The count rate a f e w  seconds a f t e r  such a n  

increase  was  t h e  same a s  t h a t  normally obtained a t  t h a t  

vol tape w i t h  t h a t  g r i d  b i a s .  

s e c t i o n  of p r i d  2 was a s  e f f e c t i v e  i n  r roducinp t h i s  e f f e c t  

as increas ing  t h e  b j a s  on a l l  of t h e  g r i d .  

When t h e  anode vol tage was 

Increas inP t h e  b i a s  on any one 

A few osc i l l o scop ic  observat ions were made w i t h  t h e  4enrn- 

anode t o  determine t h e  time required f o r  t h e  pos i t i ve  i o n  

counting r a t e  t o  decrease from a high va lue  a t  a l i m i t i n g  

voltaEe t o  a low value when t h e  b i a s  on crid 2 was suddenly 

increased.  A SFDT switch was used t o  switch f r m  a low b i a s  t o  



a high b i a s .  The sudden chanpe i n  v o l t a r e  on the e x t e r n a l  l e a d  

t o  g r i d  2 was used t o  t r i p p e r  t h e  sweep c i r c u i t  of t h e  o sc l l l o -  

scope, The output  of t h e  pulse a m p l i f i e r  was f e d  t o  t h e  

v e r t i c a l  i n p u t  of the osc l l l o scope .  

change occurred d u r i n g  a b u r s t  of counts ,  counts  continued t o  

appear a t  a hiRh r a t e  f o r  l e n n t h s  of time up t o  about 1 

When t h e  g r i d  voltaRe 

4 mil l i s econd  . 
Fositive ions  i n  s p r k  d i scha rpes  s a t u r a t e d  t h e  count ing  

c i r c u i t  so obse rva t ions  of t h e s e  were made w i t h  a n  o s c i l l o s c o p e ,  

A composite pu l se ,  presumably m a d e  UF of a l a r g e  number of 

i n d i v i d u a l  p l s e s ,  appeared du r inp  every  d ischarpe .  The pulses 

l a s t e d  about  1000 microseconds a n d  were composed of t w o  p a r t s .  

An i n i t i a l  pulse l z s t e d  about 5 t o  10 microseconds and was 

fol lowed i n  about  100 microseconds by a much l o w e r  p o r t i o n  

l a s t i n p  about  1 mil l i s econd .  The heierkts of t h e  t w o  por t ions  

were not p r e a t l y  d i f f e r e n t ,  each be inp  about  20 times t h e  h e i p h t  

of a pulse obta ined  from a s i n g l e  p a r t i c l e .  These obse rva t ions  

were made wi th  t h e  1-cm anode only,  

Mass spectra 

The mass spec t rometer  descr ibed  i n  t h e  exFerimenta1 s e c t i o n  

was used t o  determine t h e  mass-to-charRe composition of t h e  beam 

of p o s i t i v e  ions o r i d n a t i n e  a t  t h e  anode su r face .  These mass- 

to-charpe r a t i o s  were found t o  extend fran less  t h a n  1 atomic 

w e i E h t  u n i t  Fer e l e c t r o n i c  charpe t o  more t h a n  2000. 

spectrum is i l l u s t r a t e d  i n  f i m r e  33. 

A t y p i c a l  

The a b s o l u t e  accuracy of t h e  mass-to-charpe r a t i o s  i s  
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probably no b e t t e r  t h a n  about ? 15 per cen t ,  

were c a l i b r a t e d  by measuring t h e  d e f l e c t i o n  of a beam of 

polonium-210 alpha p a r t i c l e s .  Two major sources of e r r o r  were 

t h e  v a r i a t i o n  of mamet ic  f i e l d  w i t h  time and t h e  u n c e r t a i n t i e s  

i n  anode v o l t a r e .  

The magnets 

Attempts t o  discover s i m i f i c a n t  t r e n d s  i n  chanpeS i n  

t h e  s p e c t r a  a s  F r i d  b i a s  qnd anode s i z e  were var ied  were 

unsuccessful  , Larpe v a r i a t  fons i n  t h e  r e l a t i v e  i n t e n s i t i e s  of 

t h e  va r ious  peaks were observed from day t o  d a y  even when 

a t tempts  were made t o  keep condi t ions  as  , c o n s t a n t  a s  possible .  

The peak a t  mass 32 was found t o  be p a r t i c u l a r l y  sub jec t  t o  

f l u c t u a t i o n .  

Table 4 shows a l i s t  of mass-to-char,pe r a t i o s  of t h e  

patr t ic les  and ind ica t ions  of t h e  r e l a t i v e  abundance of each 

s p e c i e s .  The numbers r ep resen t  averape values  obtained f r o m  

seven s p c t r a .  I n  each case f o r  mass-to-charre r a t i o s  of 13 

and above, the  r e a k  c lose  t o  2 7  was taken t o  be 37, and a l l  

o t h e r  numbers were normalized t o  t h F s  value.  F o r  mass-to-charFe 

r a t i o s  below 1 3 ,  t h e  peak c l o s e s t  t o  1.0 was choFen a s  1.0,and 

o t h e r  numbers were normalized t o  t h i s  value.  Two normalizat ion 

po in t s  were necessary because a s inE le  magnet could not be used 

s a t i s f a c t o r i l y  f o r  t h e  e n t i r e  spectrum. Actual va lues  f o r  t h e  

peak t aken  t o  be 27 ranned from 24.5 t o  28; those f o r  t h e  peak 

t aken  t o  be 1.0 ranged from 1.08 t o  1 , Z O .  
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Table 4 - -  
Mass Ke ia t ive  Mass Rela t ive  Mass - Rela t ive  
Charpe i n t e n s i t y  G r e  i n t e n s i t y  CharRe i n t e n s i t y  

0.65 13 27 10 5 160 70 

1.0 35 32 10 5 215 35 

1.4 1 3  45 07 100 2 44* 30 

1.64 3.5 63.3 27  32&* 43 

2 .o 4 . 4 73.5 44 

8 .8  4.4 83 65 511* 
425* 7 35 

41 895x: 4-3 

52 16274: 30 

i n f i n i t e  87 

*These peaks were no t  alwey-s present .  

Contamination of t h e  anode w i t h  subs tances  such a s  sodium 

f l u o r i d e  , rotassium c h l o r i d e  , and s i l v e r  c h l q r i d e  d i d  nat 

s i m p l i f y  t h e  spectrum. These experiments were done be fo re  a 

reliable c a l i b r a t i o n  of t h e  magnets had been accomplished and 

befo re  t h e  p a r t i c l e  beam was made narrow enourrh f o r  Rood 

r e s o l u t i o n .  Thus a l thouph  sane chanpes a p p a r e p t l y  d i d  occur 

i n  t h e  s p e c t r a  a s  a r e s u l t  of these contaminat ions ,  no 

q u a n t i t a t i v e  r e s u l t s  can be civen. As can be s e e n  from t h e  

t a b l e  above, t h e  appearance of a small peak a t  2 3 ,  39, o r  108 

m i p h t  w e l l  PO unnoticed even w i t h  t h e  surerior r e s o l u t i o n  

obtained i n  l a t e r  experiments  . 
I n  a f e v  experiments ,  n i t ropen  was allowed t o  l e a k  slowly 

i n t o  t h e  svstern wi thout  e f f e c t  on t h e  s p e c t r a .  '&en, i n s t e a d  of 



ni t ropen ,  oxypen was admitted, a small increase  waa observed 

in t h e  heiEht of t h e  peak a t  mass-to-charre r a t i o  32. 

increase pe r s i s t ed  f o r  s e v e r a l  days a f t e r  t h e  i n t roduc t ion  

This 

of t h e  oxynen. 

Coeff ic ien t  measurements 

Determinet 'oris were made of the  avereqe number of secondary 

charped y a r t i c l e s  produced by each inc iden t  pos i t i ve  ion. 

Measurements of t h e  c u r r e n t  of secondary pos i t i ve  o r  neeat ive 

p a r t i c l e s  from a targetstwere made w i t h  a Beckman 30 n u l l  

e lec t rometer .  A smal l  por t ion  of t h e  t a r p e t  was c u t  away to 

al low a f r a c t i o n  of t h e  inc ident  pos i t i ve  ions  t o  s t r i k e  t h e  

counter t h u s  PivinF?: a measure of t h e  t o t a l  number of p a r t i c l e s  

s t r i k i n p  t h e  t a r , ce t  

F i p i r e  34 i l l u s t r a t e s  t h e  e f f e c t  of anode vol tape on t h e  

number of secondary nepat ive p a r t i c h s  produced bv each pos i t i ve  

ion .  Pipme 35 i l l u s t r a t e s  t h e  same e f f e c t  on t h e  number of 

secondary pos i t i ve  p a r t i c b  s produced by each pos i t i ve  ion.  

When a t a r c e t  had been in t h e  vacuum s y s t e m  f o r  more than 24 

hours ,  it was assumed t o  be "d i r tv" .  The s u r f a c e  of  t h e  

copper-beryllium t a r p e t  was " d i r t y "  with an  oxide coat when 

it was f i r s t  i n s e r t e d .  

Use of a Faraday cace f o r  thesc  experiments was made 

necessary bv the  followinrr observat ions.  Secondary c o e f f i c i e n t s  

ca lcu la ted  by use o f  g r i d - 1  durrent  measurements and countine: 

3oBeckman mo6el MX-4, National Techhical Laborator ies ,  
South Pasadena, Cal i forn ia  
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r a t e  d a t a  were very d i f f e r e n t  f o r  t h e  t h r e e  d i f f e r e n t  anodes. 

This was t aken  as an i n d i c a t i o n  t h a t  t h e  emission of p o s i t i v e  

ions from t h e  anode s u r f a c e  was not i s o t r o p i c ,  Table 5 is a 

resume of t h i s  e f f e c t .  The s o l i d  anple  subtended bv t h e  coun te r  

was 6.4 x loo6 of t h e  t o t a l .  

p lane of t h e  anode, 

s e n t e d  75 per  cen t  of t h e  t o t a l  number o f  secondarv nepa t ive  

The s l i t  was i n  t h e  e q u a t o r i a l  

It was  assumed t h a t  m i d - 1  cu r ren t  repre-  

p a r t i c l e s  minus t h e  c u r r e n t  r equ i r ed  t a  o f f s e t  t h e  be t a  

charginp: c u r r e n t .  

micromi-croampere source.  

All resiJlts were obtained w i t h  a 180- 

Table 5 

Anode Anode Gr id-1  Counts Secondary 
r a d i u s  k i l o v o l t a  pe c u r r e n t  m i  n- c o e f f i c i e n t  

2 cm 60 kv 100 2 8 ,  coo 28.5 

2 225 - 1000 46,000 69.5 

1 .25  2 70 1200 15,000 278 

0.5 200 1800 10,000 570 

The values obtained w i t h  t h e  4-cm anode f n d f c a t e  t h a t  

emission from i t s  s u r f a c e  is f a i r l y  uniform, s i n c e  th.ey a m e e  

w i t h  t hose  obtained by t h e  Faradav cape measurements. It is 

apparent  t h a t  t h e  r e t e  of  emission o f  p o s i t i v e  ions  by t h e  

1 and 2.5-cm anodes is m e a t e r  on t h e  averape t h a n  f o r  t h e  

p a r t i c u l a r  s e c t i o n s  seen by t h e  coun te r ,  

Attempts were made t o  s o r t  t h e  n e r a t i v e  p a r t i c l e s  i n t o  

n e p a t i v e  ions and electrons by nieans of a mapnetic f i e l d .  The 

r e s u l t s  were inconclus ive  i n  s o  f a r  as  t h e  r e l a t i v e  abundance 
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of necat ive ions is concerned. However a considerable  reduct ion  

i n  c o l l e c t o r  cur ren t  was produced by a small  magnetic f i e l d  

perpendicular t o  t h e  path from t a r e e t  t o  c o l l e c t o r ,  Thus 

we conclude t h a t  a t  l e a s t  a l a r g e  f r a c t i o n  of t h e  secondary 

p a r t i c l e s  a r e  elehtxoms. 

Sblenoid experiments 

I n  a number of experiments a mapnetic f i e l d  of a few 

gauss was produced p a r a l l e l  t o  t h e  ax i s  of t h e  system. The 

experiments were made a s  follows. 

come t o  equilibrium a t  a s t eady  l i m i t i n g  vol tape with no 

The system was allowed t o  

‘magnet ic  f i e l d ,  A magnetic f i e l d  was t hen  produced by passing 

a c u r r e n t  through a so l eno ida l  winding about t h e  vacuum systemo 

The f i e l d  was maintained u n t i l  no f u r t h e r  changes were observed, 

u s u a l l y  a mat ter  of a few minutes. 

i ons  and t h e  anode voltaRe w e r e  then  recorded. 

The counting r a t e  of pos i t i ve  

Figure 36 

i l l u s t r a t e s  t he  r e s u l t s  of surrh experiments conducted with t h e  

4-cm anode a t  low p i d - 2  b i a s .  A t  h ipher  b i a s  t h e  e f f e c t  is 

s t i l l  not iceable  but percentagewise is smaller ,  For example, 

a t  a current of 6 amperes w i t h  prid-2 a t  -1200 volts  the 

count ing r a t e  increased from 30,000 rnin’l t o  40,000 mino’. 

Resul ts  of t hese  experiments w i t h  t h e  1-cm and theZ;@n 

anodes a t  low g r i d - 2  b ias  were s i m i l a r  t o  t h e  r e s u l t s  with 

t h e  4-cm anode a t  low m i d - 2  b i a s .  I n  t h e  case of t h e  1-cm 

anode an increase  i n  k i lovo l t age  from 72 t o  92 k i l o v o l t s  

occurred wiih grid 1 a t  300 v o l t s  and n r id  2 a t  0 v o l t s ,  

I n  a l l  o t h e r  cases w i t h  a l l  anodes no not iceable  chanFe 

occurred i n  t h e  anode vo l t aee  when t h e  f i e l d  was tu rned  on, 

i 
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FIGURF 36 
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I .  



With a hiRh b i a s  on m i d  2 t he  maenetic f i e l d  had no e f f e c t  
.l 

on anode vol tage  or counting r a t e .  

Phosphor experiments 

A few experiments were made w i t h  a s i l ve r - ac t iva t ed  

z inc  s u l f i d e  phosphor on t h e  anode, The l i e h t  produced by 

t h e  bombardment of t h i s  phosphor by charged p a r t i c l e s  was 

observed through t h e  class port i n  t h e  s ide of t h e  metal 

vacuum chamber e 

The i n t e n s i t y  of t h e  l i g h t  emitted under any p a r t i c u l a r  

circumstances was found t o  depend on t h e  th ickness  of t he  

phosphor. A t  zero anode p o t e n t i a l  t h e r e  was no v i sab le  glow 

except i n  t h e  neichborhood of t h e  t h i n  aluminum window through 

which t h e  beta  source sh ines .  At about 10 k i l o v o l t s  a f a i n t  

general  plow became v i s i b l e ;  t h i s  presumably was due t o  beta  

p a r t i c l e s  turned back by t h e  anode voltage.  

phosphor t h e  plow d&d 

had reached about 50 k i l o v o l t s ,  The glow brightened a s  the  

With a very t h i n  

not become de tec t ab le  u n t i l  t h e  anode 

anode vol tage  increased.  With a high bias on n r i d  2 t h e  glow 

increased s t e a d i l y  w i t h  no sudden! inc reases  i n  i n t e n s i t y  a t  

t h e  l i m i t i n g  vol tage.  With a low b i a s  on g r i d  2 the glow 

brightened r a p i d l y  a s  t h e  l i m i t i n g  vol taqe  was a t t a i n e d ,  

The t h r e e  anodes produced somewhat d i f f e r e n t  e f f e c t s .  I n  t he  

fol lowing we w i l l  de sc r ibe  the e f f e c t s  f o r  each anode sepa ra t e ly ,  

The genera l  behavior w i t h  t h e  4-cm anode was as  described 

above. Occasional f l a s h e s  were observed on small port ions of 

t he  anode, but t hese  were not accompanied by any moasurable 

decrease i n  anode vol tape .  On two occasions spark  discharpes 
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were observed with t h e  4-cm anodes They were accompanied by 

very b r i l l i a n t  f l a s h e s  covering t h e  e n t i r e  anode su r facee  

When the  solenoid was ac t iva t ed ,  a very s l i g h t  decrease i n  

i n t e n s i t y  occurred near  t h e  t o p  and bottom of t h e  anode. 

o t h e r  e f f e c t  could be detected.  

No 

In t h e  case of t h e  2.5-cm anode w i t h  t h e  g r i d s  a t  ground 

p o t e n t i a l ,  the  glow a t  l i m i t i n g  vol tape  was unsteady, 

f l i c k e r i n g  s e v e r a l  t imes a second. These variations i n  i n t e n s i t y  

were not  l oca l i zed  bu t  Included t h e  whole rhosphor sur face  

simultaneously. 

f l a s h e s  d i s t r i b u t e d  evenly over t h e  anode s u r f a c e ,  Turninjz 

on t h e  solenoid c u r r e n t  produced a s l i R h t  decrease i n  i n t e n s i t y  

near  t h e  t o p  and bottom of t h e  anode. A t  t h e  same Lime a more 

in t ense  glow appeared around the  equator ,  

Spark discharges were accompanied by b r i l l i a n t  

With the  1-cm anode t h e  glow a t  l i m i t i n g  vol taqes  

appeared t o  be concentrated near t h e  base of t h e  anode, 

especially near t h e  rod. The rod was coated with phosphor, 

i n  one case i n  bands, i n  another  i n  a t h i n  uniform c o a t e  

I n  both cases t h e  phosphor on the rod, plowed a t  l i m i t i n g  

voltafres. d i t h  an umbrella-rod t h e  e n t i r e  umbrella glowed, 

but no plow appeared below the  umbrella. 

on the  rod the  glow extended about h a l f  way down t h e  rod 

from t h e  anode, t h e  b r i g h t e s t  plow beinn nea res t  t h e  anode, 

With no umbrella 

The glow a t  zero e r i d  b i a s  was sometimes f l i c k e r i n p ,  sometimes 

apparently steady. With e r i d  2 biased nepa t ive ly  t h e  tendency 

was toward a s teady  plow. No s teady  voltafres could be 

obtained w i t h  more t h a n  -300 v o l t s  on p r i d  2 ,  a p r a r e n t l y  due 

t o  t h e  presence of t h e  phosphoro ‘&en prid 2 was biased a t  

p ’Y 0 ,1 ;; s; 



-1200 v o l t s  o r  more a b r i p h t   low s e t  i n  a t  about 70 kf lovo l t s  

nea r  t h e  rod and on t h e  rod. This glow i nc reased  with voltage 

u p  t o  about 140 o r  150 k i l o v o l t s ,  A t  t h i s  poin t  a ve ry  rapid  

i nc rease  i n  i n t e n s i t y  was culminated bp a b r i l l i a n t  f l a s h  and 

spa rk  discharg.e , Turning ontbhe so lenoid  c u r r e n t  Froduced 

a no t i ceab le  i n c r e a s e  i n  i n t e n s i t y  when ? r i d  1 and m i d  2 

were a t  ,mound p o t e n t i a l .  A t  o t h e r  b i a s e s  no e f f e c t  of the  

maenetic field was observed, with t h e  excep t ion  of a very  

s m a l l  decrease  i n  i n t e n s i t y  nea r  t h e  rod and a ve ry  n o t i c e a b l e  

decrease  i n  i n t e n s i t y  on t h e  rod f o r  a l l  b i a s e s ,  



IV . Discuss ion  

General 
One f a c t  is  v e r y  c l e a r  a s  a r e s u l t  of t h f s  i n v e s t i p a t i o n .  

P o s i t i v e l y  c h a r w d  i o n s  a r e  involved i n  a l l  v o l t a r e  l i m i t a t  ions 

encountered i n  our  system. S ince  each p o s i t i v e  i o n  produces 

20  t o  80 nepat ive  p a r t i c l e s  a t  t h e  cathode s u r f a c e ,  neaa t ive  

p a r t i c l e s  a r e  a l s o  involved i n  the3:e  l i m i t a t i o n s  . 
There a r e  appa ren t ly  two d i s t i n c t  t v w s  of dark c u r r e n t  

l i m i t a t i o n  i t rportant  i n  our  system. T h e  f i r s t  is  cha rac t e r i zed  

by t h e  v a r i a t t o n  of mid-1 c u r r e n t  w i t h  t h e  cube of  t h e  anode 

v o l t a e e  and w i t h  tFe square  r o o t  of t h P  be t a  charFinP c u r r e n t .  

The second type  can be recoKnized by a v e r y  sudden inc rease  

i n  mid-1 c u r r e n t  n e a r  t h e  l i m i t i n g  vol taPe .  

The i n t e r p r e t a t i o n  o f  t h e  c u r r e n t  f l owinp  t o  mid 1 i s  

important  i n  a d i s c u s s i o n  of these two tppes of dark  c u r r e n t .  

When p r i d  1 i s  b iased  y o s i t i v e l y ,  t h e  c u r r p n t  f l o w i n r  t o  t h e  

p r i d  i s  p o s i t i v e ,  i nd ica t inp :  c o l l e c t i o n  of nepa t ive  e l e c t r i c i t v  

o r  loss of p o s i t i v e  e l e c t r i c i t y  a t  t h e  s u r f a c e  of t h e  w i d  

wires. G r i d  1 has a s c reen inp  f r a c t i o n  of 2 5  pe r  c e n t ,  t h u s  

25  per c e n t  of the p o s i t i v e  jons  from t h e  anode s t r i k e  t h e  m i d  

d i r e c t l y  and 75 F e r  c e n t  of t h e  ions  s t r i k e  t h e  cathode w a l l .  

The ions  which s t r i k e  t h e  cathode produce n e r a t i v e  p a r t i c l e s  

which may be c o l l e c t e d  by m i d  1 o r  mav pass t h r o w h  the mid 

system t o  t h e  anode. The p o s i t i v e  ions  which s t r i k e  c r id  1 

d i r e c t l y  produce nepa t ive  p a r t i c l e s  which may o r  may not escape 

from i t 5  s u r f a c e .  I n  a d d i t i o n ,  secondary p o s i t i v e  p a r t i c l e s  

a r e  produced both  a t  the cathode and on mid 1. Those produced 

a t  t h e  cathode can be c o l l e c t e d  by r r i d  1 on lv  if ? r i d  1 is 
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-78- 

n e a a t i v e l y  b i a sed .  Those produced on t h e  s u r f a c e  of n r i d  1 

can escape e i t h e r  t o  m i d  2 o r  t o  t h e  cathode,  when p r i d  1 i s  

b i a s e d  p o s i t i v e l v .  

When n r i d  2 i s  bi.ased a t  a h i e h  neoa t ive  va lue  and m i d  1 

is biased p o s i t i v e l y ,  p r i d  1 should c o l l e c t  a l l  neFat ive 

p a r t i c l e s  produced a t  t he  cathode a n d  l o s e  a l l  posit i .ve p a r t i c l e s  

produced a t  its s u r f a c e .  When t h e  bias on m j d  3 ic not  

s u f f i c i e n t l v  hirrh t o  p r o t e c t  t h e  e n t i r e  csth'ode from t h e  anode 

f i e l d ,  a portion of t h e  nepa t ive  p a r t i c l e s  produced a t  t h e  

cathode may yass t h rou rh  t h e  p r i d  s t r u c t u r e  t o  t h e  anode. 

Likewise,  secondary nepat ive  par t ic les  from p r i d  1 i t s e l f  may 

escape t o  t h e  anode. Another e f f e c t  becomes important  under 

t h e s e  cond i t ions  if t h e  anode vo l t ape  is i n c r e a s i n p .  When 

g r i d  2 i s  not  protectincr t h e  cathode,  mid 1 a c t s  a s  part of t he  

cathode and a s  such m u s t  accumulate nepa t ive  charpe a s  t h e  

anode accumulates T o s i t  ive c h a r m  The  s m a l l e r  c u r r e n t  t o  

prrid 1 whFn p r l d  2 i s  biased a t  a l o w  va lue  i s  a result of t b e c e  

l a s t  t l-rpe e f f e c t s .  

AssuminE t h a t  t h e  above i n t e r F r e t a t i o n  of mid-1 c u r r e n t  i s  

c o r r e c t ,  w e  can  conclude t h a t  vLen p r i d  2 i s  a t  a s u f f i c i e n t l v  

h i p h  b i a s ,  t h e  c u r r e n t  t o  wid 1 i s  a measure of t h e  p o s i t i v e  

i o n  c u r r e n t  emj t ted  from t h e  anode s u r f a c e .  UsinP a v e r m e  

curves from fipures ?&and 35, we deduce t h i s  r e l a t i o n  between 

p o s i t i v e  i o n  c u r r e n t  and mid-1 c u r r e n t :  11" (0.164 V +  1?,25) I+. 

Here I1 is t h e  c u r r e n t  t o  p r i d  1 i n  rnicromicroarnreres, V is  t h e  

anode vo l t ape  i n  k i l o v o l t s ,  and I+ is t h e  positive ion c u r r e n t  

from t h e  anode i n  rnicromjcroamreres . 
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AccordinP t o  fio.i..re 25, t h e  c u r r e n t  drawn bv - id  1 is 

p r o r o r t s o n a l  t o  t h e  sqi iere  r o o t  of  t h e  so i i rce  F t r e n ~ h  when 

m i d  2 i s  b i a s e d  a t  a h i p h  n e r a t i v e  v o l t e r e .  T h i s  r e l a t j o n F h i p  

i m p l i e s  t h a t  t h e  b e t a  r a r t i c l e s  themselves  a r e  i n  some manner 

r e s F o n F i b l e  f o r  t h e  p o s i t i v e  i o n s  e m i t t e d  from t h e  anode. 

A t  any rriven v o l t a p e ,  the number of b e t a  p a r t i c l e s  s t r i k i n v  

t h e  anode s u r f a c e  is  jilst p r o p o r t i o n a l  t o  t h e  s o u r c e  s t r e n p t h .  

All t h e  b e t a  p a r t i c l e s  pass throurrh a p o r t i o n  o f  t h e  s u r f a c e  a s  

t h e v  s h i n e  out  from t h e  i n t e r n a l l v  mounted s o u r c e .  Some of t h e  

b e t a  p a r t i c l e s  a r e  t u r n e d  back by t h e  anode f i e l d  and s t r i k e  

t h e  anode slwfsce a t  l e a s t  once c7nain. ( S e e  f i r l i r e  3 . )  If tbe 

be ta  r a r t j c l e s  prodlaced r o s i t i v e  i o n s  2nd i f  t h e s e  i o n s  escaped 

f rom the s i r f a c e  irnmediatelv a f t e r  f o r m a t i o n ,  t h e n  t h e  P o F i t i v e  

i o n  c u r r e n t  Fould be p r o p o r t i o n a l  t o  t h e  f i r s t  power of the 

s o u r c e  s t r e n v t h .  If  t h e  i o n s  formed on t h e  s u r f a c e  escaped 

o n l y  slj7wly and were e l i m i n a t e d  r r i m a r i l y  by  b i m o l e c u l a r  

r ecombina t ion  r e a c t i o n s ,  t h e n  t h e  F o F i t i v e  i o n  c u r r e n t  would be 

p r o p o r t i o n a l  t o  t h e  sq i la re  r o o t  of t h e  s o u r c e  s t r ene r th .  

T h i s  o c c u r s  i n  t h e  f o l l o w i n p  manner. Let ct and c- be t h e  

c o n c e n t r a t i o n s  of p o s i t i v e  and n e p a t i v e  i o n s  on t h e  anode 

s u r f a c e .  I t  is assumed t h a t  these j.ons a r e  formed b v  t h e  

p a s s a m  o f  e l e c t r o n s  t h r o u r h  a l a v e r  of orFranic m a t e r i a l  ( o i l )  

on t h e  s i i r f a c e  of  t h e  anode. L e t  Rf be t h e  r a t e  of f o r m a t i o n  

of t h e s e  i o n  p a i r s  and Rd t h e  r a t e  of d i s a p ~ e a r a n c e .  A t  

e q u i l i b r i u m ,  Rf m l i s t  be earral  t o  Rd. 

, 

Rf  is c r o p o r t j o n a l  t o  

t h e  e l e c t r o n  clirrpnt s t r i k i n p  t h e  p n o d e ,  Ie .  If most of t h e  

pos j t i v e  ions d i s a p w a r  bv  recornbin: t l o n  1 4 t h  n e m t i v e  i o n s ,  

t h e n  Rd is proport ion31 t o  t h e  yro+iict  of t h e  c o n c e n t r a t i o n s  
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(number per u n i t  a r e a )  of p o s i t i v e  a n d  ne.-at ive ions and t h e  

a r e a  of the s u r f a c e , A  I f  i t  i s  f u r t h e r  ass2med t h a t  t h e  

c o n c e n t r a t i o n a  of t h e  p o s i t i v e  and ne - a t i v e  i o n s  cannot  d i f f e r  

R r e a t l y .  t k e n  Rd c8n be expres sed  as Rd = kl(c+)*A. S e t t i n v  
A 

Rd e q u a l  t o  Rf we o b t a i n  t h e  e v y r e s E i o n  c+ = kZ(Ie/A)’. T h e n  

i f  t h e  r a t e  of e s c a p  of p o s i t i v e  i o n s  is  n r o p o r t i o n a l  t o  t h e  

c o n c e n t r a t  i o n  of p o s i t i v e  i o n s ,  we o b t a i n  the r e q u i r e d  

r e l a t i o n s h i p  I+ = k?(AI,)’. 

c u r r e n t  f rom t h e  e n t i r e  anode s i i r f a c d ,  

Here I+ is t h e  t o t a l  p o s i t i v e  i o n  

The e l e c t r o n  c u r r e n t  s t r i k i n p  t h e  anode s r i r f ace  comes 

f rom t h r e e  s o u r c e s .  Two of t h e s e ,  t h e  b e t a  p a r t i c l e s  r a s s i n c .  

th rouPh t h e  s u r f a c e  from a n  i n t e r n a l  s o u r c e  and t b e  bp ta  

p a r t i c l e s  r e t u r n i n p  t o  t h e  anode because  o f  t h e  anode f i e l d ,  

’Pive r i s e  t o  e l e c t r o n  c u r r e n t s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

s o u r c e  s t r e n e h .  F o s i t i v e  i o n s  s t r i k i n p  ;.rid 2 produce 

e l e c t r o n s  ( a n d  p o s s i b l y  n e p a t j v e  i o n s )  which can  i n  t u r n  s t r i k e  

t h e  anode  su r face .  T h e  e l e c t r o n  c u r r e n t  f rom t h i s  l a t t e r  

s o u r c e  is p r o p o r t i o n a l  t o  t h e  p o s i t i v e  i o n  c u r r e n t  (and t h e r e f o r e  

t o  t h e  s q u a r e  r o o t  of t h e  s o u r c e  s t renpth l ‘  Thus 

I, = kbIbo+ k 5 ( I d 3 .  

is never  more than t h e  solirce F t r e n P t h  mlnus tbe r e t u r n i n R  

b e t a  c u r r e n t ,  s o  Ie c a n  be a r r r o r i r n a t e d  bv a n  expre9sion 

I *  

The e l e c t r o n  c u r r p n t  f rom t h e  m i d  wires 

Ie = k 6 ( I d n  where n i s  some number s l i v h t l v  ~ O S S  than one. 

E x p e r i m e n t a l l y ,  t h e  r e l a t i o n s h i r  b e t m e n  t h e  r o F i t i v e  i o n  

c u r r e n t  and t h e  s o u r c e  s t rencr th  i s  b e s t  f i t t e d  by a n  e y p r e s s i o n  

I+= k 7 ( I d 0 * 4 4 .  S u b s t i t u t i o n  of k6(ItJ0*@ f o r  Ie i n  t h e  

e x r r e s s i o n  I + =  k 3 ( A I e ) $  g ives  t h e  e x m e s s i o n  I+= k ~ ( A k 6 )  h Ibo 0.44. 

T h u s  t h e  above h y p o t h e s i s  i s  c o n s i s t e n t  w i t h  e x p e r i m e n t a l  

r e s u l t s  
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With two exceptions the  fo rces  a f f e c t i n g  a pos i t ive  i o n  

imbedded i n  a d i e l e c t r i c  f i l m  which covers a pos i t i ve ly  

charged metal  sur face  a r e  t h e  same as thode a f f e c t i n g  a n e u t r a l  

molecule i n  t h e  same pos i t ion .  These two exceptions a r e  t h e  

coulombic repuls ion  due t o  t h e  charae on t h e  metal su r f ace  and 

t h e  a t t r a c t i v e  "image force"  due t o  po la r i za t ion  of t h e  

charge d i s t r i b u t i o n  i n  t h e  metal sur face .  Thus a pos i t i ve  

i o n  may be expected t o  desorb (evapora te )  j u s t  a s  n e u t r a l  

molecules a r e  doing, w i t h  t h e  except ion t h a t  the  r a t e  of 

desorp t ion  w i l l  be modified by t h e  fo rces  mentioned. 

I n  t h e  Glasstone, Laidlersand Eyrinp treabment an express ion  : 

for t h e  r a t e  of desorpt ion per u n i t  a r ea  i s  derived: 

Rd B 
r - 

where B is  t h e  f r a c t i o n  of t h e  sur face  covered, r is t h e  a r e a  

occupied by an adsorbed molecule, h is  Planck's cons tan t ,  k is 

Boltzman's consgant, R is  t h e  gas cons tan t ,  T is the  abso lu te  

temperature,  and E is t h e  a c t i v a t i o n  e n e r m  f o r  desorpt ion,  

If it is assumed t h a t  t h e r e  is  no a c t i v a t i o n  e n e r q  of adsorp t ion ,  

4 

4 

E may be approximated by t h e  heat  of condensation. 

I n  our system we can assume t h a t  t h e  e n t i r e  anode s u r f a c e  

is covered with adsorbed molecuAes. 

of deso rp t ion  of pos i t i ve  ions we must use f o r  8 t h e  concent ra t ion  

of i o n s  on t h e  surface, 

condensation f o r  t h e  molecular ionsl  modified by t h e  image and 

t h e  coulombic fo rces  . 

Then t o  c a l c u l a t e  t h e  rate 

The q u a n t i t y  E w i l l  be t h e  hea t  of 



form 

The H s i t i v e  i o n  emission from t h e  anode should have the 

(EtE -Ef) 
I+= k2(I,$& kT e -+ 
A A ' I f  

where kZ@f I s  the  concent ra t ion  of pos i t i ve  ions  (see page 80); 

E is t h e  hea t  of vapor iza t ion ,  E i  is  t h e  energy required t o  

overcome t h e  image f o r c e ,  and Ef is the  enerpy suppl ied by t h e  

coulomb f o r c e  dur ine  desorp t ion ,  

L 

, 

This equat ion maw be r e w r i t t e n  

E+E w h e r e p e k 2  kT e--$&- is  assumed t o  be a cons tan t  i n  our  
K- 

system, 

a n  i o n  moves durinp: desorp t ion ,  and E, 

a t  t h e  anode i n  v o l t s  ern-', 

The-term f is  the d is tance  i n  cent imeters  through which 

I s  t h e  e l e c t r i c  field 

The experimental ly  determindd pos i t ive  i o n  cu r ren t  from 

t h e  1-crn anode a t  hiph mid-2 b ia s  can be expressed a s  a 

f u n c t i o n  of voltarre and e l e c t r o n  cur ren t  i n  an  equat ion  of t h e  

above formo The equat ion  is 

I n  t h i s  equat ion A i s  t he  a rea  i n  square cent imeters ,  Iba is 
t h e  zero-kilovoltage charging cu r ren t  i n  micromicroamperes , 

I b r  is t h e  zero k i lovo l t ape  charging cu r ren t  minus t h e  

charging cur ren t  a t  vo l tape  (estimated from figure 3) ,  and 
d 

hS is t h e  secondary e l e c t r o n  cur ren t  from t h e  @Id wires i n  
micromicroamperes (estimated from t h e  screening  f r a c t i o n  and 

pr id-5 c u r r e n t ) ,  The q u a n t i t y  Ea is the  anode f i e l d  ca lcu la ted  

assuming s p h e r i c a l  geometry, The constant  n~ i s  a number 

est imated i n  t h e  fo l lowinp  manner. The beta  par t ic les  from 
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t h e  i n t e r n a l  source pass out throuFrh about one ha l f  of t h e  

anode su r face .  Since t h e  concentrat ion of pos i t ive  ions is 

assumed t o  vary v d t h  t h e  sauare r o o t  of t h e  e l e c t r o n  current  

dendi ty ,  t h e  concentrat ion on t h i s  ha l f  of t he  anode w i l l  be 

fi time t h e  concentrat ion which would be produced i f  t h e  bet? 

par t ic les  were d i s t r i b u t e d  over t h e  e n t i r e  sur face .  

is t h a t  t h e  average concentrat ion is 7 = o .7as  e r e a t  as it 

would have been with i s o t r o r i c  d i s t r i b u t i o n .  Using the  same 

argument we ob ta in% = 0.22 and 

values  of OC f o r  t h e  2 . 5  and 4-cm anodes 

8 

The e f f e c t  

=0.14 r e spec t ive ly  a s  3- 

Equation 4 was derived from experimental da t a  f o r  t he  1-cm 

anode a t  vo l tages  above 100 k i l o v o l t s .  Below t h i s  vol tage t h e  

measured c u r r e n t s  f a l l  below values  ca lcu la ted  from t h e  

equat ion,  The value of 6.75 x f o r  t h e  c o e f f i c i e n t  of t h e  

anode field i n  t h e  exponent ia l  term corresronds with a 

d i s t ance  of 17.5 angstroms, 

An es t ima te  can be made of t h e  number of pos i t i ve  ions 

which mipht be formed in a f h l m  of grease by the passaRe of an 

e l e c t r o n  throuph t h a t  film, Assuming t h a t  t h e  film is composed 

of di -oc tp l  sebacate  ( O c t o i l S )  i n  a monomolecular l a y e r ,  t h e  

f i l m  should be about 15 angstroms t h i c k ,  A 100-kev e l e c t r o n  

forms about 150 ion  p a i r s  mg cm e Thus i n  a s i n p l e  pass -1 2 

throurh t h e  f i b  sucp an  e l e c t r o n  should make 0,0725 ion pair.. 

on t h e  average. 

t h e  film backsca t t e r  from t h e  anode su r face .  These backscat tered 

About 40 per  cent  of t h e  e l ec t rons  which en ter  

e l e c t r o n s  will have a l o v e r  enemy and therefore  a much h i p h e r  

s p e c i f i c  i o n i z a t i o n ,  The s c a t t e r e d  e l e c t r o n s ,  once ou t s ide  t h e  

film, w i l l  be drawn bacM t o  t h e  anode 3y t he  coulomb a t t r a c t i o n  

L 



of t h e  anode f i e l d ,  These effects may increase t h e  y i e ld  of 

i on  p a i r s  by a f a c t o r  of 4. Another f a c t o r  which must be 

considered is  the  a n d e  a t  which the e l e c t r o n  irnrinpes on 

t h e  s u r f a c e ,  Because the  above number was estimated on 

the  assumption of normal incidence,  it should  be rourh ly  

doubled t o  take account of random anvles of incidence,  Thus 

as a crude est imate  t h e  average e l e c t r o n  may be respons ib le  

f o r  0.2 i o n  pair i n  t h e  monomolecular surface f i l m ,  

Consider t h e  case of t h e  1-cm anode a t  150 kilovolts with 

a 50-micromicroampere sou rcee  Grid 1 draw8 273 micromieraampere 

i n d i c a t i n g  a pos i t i ve  torn cur-ent of 7.4 micromicroampere 

(see page 78) e Thus t h e  cu r ren t  dens i ty  of pos i t i ve  ions 

a t  t h e  anode i s  1.5 x 10 

of e l e c t r o n s  a t  the enode is 4 x 10 

7 -2 ' sec'lcm , and t!-e cu r ren t  d e n s i t y  

. This  e l e c t r o n  sec-'cmm2 8 

cur ren t  miPht produce 8 x 10 7 pos i t i ve  ions sec-1cmo2b These 

es t ima tes  ind ica t e  t h a t  about 80 per cent of t he  ions can  

d isappear  by recombination r e a c t i o n s ,  l eav inp  about 20 p r  cent  

t o  escape by evaporation. 

An es t imate  can also be made of t h e  concentrat ion of ion 
Thds r equ i r e s  some ;Issumption as Fairs on the anode sur face .  

t o  t h e  value of t h e  hea t  of! evaporat ion f o r  t h e  r o s i t i v e  i o n s ,  

For a molecule l i k e  d i -oc tp l  sebaca te  t h i s  mieht be c l o s e  t o  

20 kcal  mole", Most of t h e  pos i t i ve  ions  are less than  h a l f  

the size of t h i s  molecule so we w i l l  chose for t r i a l  a value 

of 10 kcal mole", With t h e  assumption t h a t  t h e  %on s t a r t s  

deso rp t ion  a t  a point 8 angstroms from the  metal  s u r f a c e  of 
t h e  anode'and becomes free a t  a d i s t ance  of 2 5  angstroms- 

4 
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t he  “image” fo rce  adds 7 k c a l  mole’’, and t h e  coulombic repuls ion  

s u b t r a c t s  1.2 k c a l  moleo1 from t h i s  value. 

about 50 square anpstronrs f o r  r, we o$tain f o r  B a value of 

5 x leo9, Here B r ep resen t s  t h e  f r a c t i o n  of t h e  sur face  molecules 

which are  pos i t ive  ions). 

ernm2, 

f r a c t i o n  of a second, because t h e  r a t e  of loss of pos i t ive  ions 

With an est imate  of 

Then ct is about 1 x lo6 posi t ive ion8 

This Implies t h a t  equi l ibr ium is a t t a i n e d  i n  a small 

ie:>ten times t h i s  number per second, O f  course,  t h e  above 

c a l c u l a t i o n  is extremely s e n s i t i v e  t o  t h e  es t imate  of t h e  hea t  

of vaporizat ion,  and the  r e s u l t  shou ld  be t aken  a s  i l l u s t r a t i v e  

r a t h e r  than conclusive,  

The r e l a t i v e l y  l a r g e  f r a c t i o n ,  20  per cen t ,  of t he  pos i t i ve  

ions which must escape according t o  t h e  above c a l c u l a t i o n  makers it 

seem l i k e l y  t h a t  t h e r e  is some add i t iona l  process producine 

pos i t i ve  ions when p r i d  2 is  a t  a h i s h  negat ive bias, On the o the r  

hand, any process which depends on t h e  production of cathodic 

p a r t i c l e s  by t h e  pos i t i ve  ions  which escape by evaporat ion would 

be incompatible with t h e  experimental square r o o t  law ( s e e  page 7 9 ) ) .  

A t e n t a t i v e  pos i t ion  is that althouEh t he re  may be some multi- 

p l i c a t i o n  of the positive Ion  cur ren t  by the  a c t i o n  a t  t he  anode 

of secondarp cathodic p a r t i c l e s ,  such a process can hard ly  be 

respons ib le  f o r  more than  about h a l f  of t h e  c u r r e n t  under these  
condi t ions 

The equat ion f o r  p o s i t i v e  ion emission from t h e  1-cm anode 

does not f i t  t h e  curves obtained f o r  t he  2.5 and 4-cm anodes a t  

high prid-2 b ias .  Curren ts  ca lcu la ted  from equa t ion  (4)  are t w o  t o  

three t imes t o o  h i r h  a t  about 100 k i l o v o l t s ,  A t  t he  l i m i t i n p  volt5 

ages va lues  from equat ion  ( 4 )  agree wi th in  about 30 percent f o r  all 

anodes, Table 5 surmnariees these  r e s u l t s  for the 2.5 and lpm anodeao 
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Table 5 - -  
Anode diam. Source s t r e n p t h  Voltapre Gr id-1  c u r r e n t  

c a l c u l a t e d  measured 

2 . 5  cm 50 Ppw. 225  kv 38Efppamp4 300,?+amp. 

4 180 225 63 5 670 

rc 50 202 330 2 50 

We w i l l  r e t u r n  t o  t h e  d i scuss ion  of equa t ion  ( L )  a f t e r  a 

d i s c u s s i o n  of t h e  dark c u r r e n t  observed w i t h  low bias on mid 2, 

As w e  have n o t e + ,  when t h e  b i a s  on m i d  2 is below t h e  

c r i t i c a l  va lue ,  t h e  c u r r e n t  produced a t  t h e  cathode by i n d i d e n t  

p o s i t i v e  ions  r ises  very s h a r p l y  a s  t h e  anode v o l t a m  nears  t h e  

l i m i t i n p  va lue .  This behavior  s u p p e s t s  a n  erchan9.e mechanism 

as  t h e  cause of vo l t ape  l i m i t a t i o n .  The f i n i t e  slope of  c u r r e n t  

' 

versus  v o l t a  pe curves suppes ts  a current-derendent  exchanpe. 

We belbeve t h a t  such an  exchanm type of mechanism is 

r e s p o n s i b l e  f o r  vo l t ape  l i m i t a t i o n s  a t  low mid b i a s e s .  

f o l l o w i n e  parapraphs we w i l l  show t h a t  o u r  d a t a  a r e  c o n s i s t e n t  

wi th  a n  exchange mechanism invo lv inp  b o t h  e l e c t r o n s  and nemt ive  

ions a8 t h e  ca thodic  p a r t i c l e s .  We will also show that emission 

of p o s i t i v e  ions bv evapora t ion  from t h e  anode s u r f a c e  i s  

In the 

c o n s i s t e n t  w i t h  our  d a t a .  

I n  a pure exchanpe mechanism, p a r t i c l e s  a r e  produced a t  a n  

e l e c t r o d e  o n l v  bv t h e  impact of p a r t i c l e s  from t h e  o t h e r  e l e c t r o d e ,  

However, i n  our  system t h e  b e t a  source provides  a cont inuous 

supply  of p o s i t i v e  i o n s  on t h e  anode s u r f a c e .  Thus we can r e m r d  

all l e a k a r e  currents which depend on pocit ive ions as a 

m u l t i p l i c a t i o n  of t h e  c u r r e n t  produced by the  be ta  p a r t i c l s s .  

. 
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Such a m u l t i p l i c a t i o n  of c u r r e n t  can not supply  t h e  leakape 

c u r r e n t s  observed a t  l o w  m i d - 2  b i a s e s ,  if only e l e c t r o n s  a r e  

produced a t  t h e  cs thode.  A t  a low l l r r i t i n e  voltarre w i t h  m i d  2 

a t  a l a w  b i a s  t h e  e l e c t r o n  c u r r e n t  s t r i k i n c  t h e  m o d e  can be no 

p r e a t e r  t h a n  t h e  zero-k i lovol tape  c h a r A n P  c u r r e n t .  A t  t h e  same 

anode voltac-e w i t h  a h i p h  m i d  b i a s  t h e  e l e c t r o n  c u r r e n t  i s  less, 

b u t ,  due t o  re turn inE be ta  par t ic les ,  it is certain117 no less 

t h a n  one t e n t h  a t  any observed l i r l i i t i n p  vo l t ape .  Accordinp to 

t h e  t h e o r y  of evapora t ion  of r o s i t i v e  i o n s ,  a t e n  f o l d  i n c r e a s e  

i n  e l e c t r o n  c:irrent should produce a 3.166fi)Eold i n c r e a s e  i n  

p o s i t i v e  i o n  emission. I n  t h e  c a s e  of t h e  k-cm anode, we have 

observed a p o s i t i v e  i o n  c u r r e n t  100 times as Erea t  a t  low b i a s  

as a t  h iEh  bias. Thus we conclude t h a t  ca thodic  y a r t i c l e  s o t h e r  

t h a n  e l e c t r o n s  must be responsible  f o r  a l a r v e  f r a c t i o n  of t h e  

m u l t i p l i c a t i o n  a t  low m i d - 2  b i a s .  We b e l i e v e  t h a t  t hese  p a r t i c l e s  

a r e  nepa t ive  ions ,  

The r e s d t s  of t h e  so lenoid  experiments s u r r o r t  t h e  t h e o r y  

t h a t  nemt ive  ions a r e  t h e  primary producers of anodic  i \ o s i t l ve  

ions when the anode voltape is l i m i t e d  with low -id-2 b i a s .  

A mapnetic f i e l d  p a r a l l e l  t o  t h e  a x i s  of t h e  system c a w e d  an  

i n c r e a s e  i n  t h e  r a t e  of pos i t ive  i o n  emission.  The f j e l d  

presumably reduced t h e  f r a c t i o n  of t h e  secondary c a t h o d i c  e l e c t r o n s  

which could reach  t h e  anode. M u l t i F l i c a t i o n  of t h e  p o s i t i v e  i o n  

c u r r e n t  by a p o s i t i v e  ion-nepative ion exchanpe increased  u n t i l  

t h e  r e d u c t i o n  i n  e l e c t r o n  c u r r e n t  was compensated f o r  by p o s i t i v e  

i o n s ,  nepa t ive  ions, and an i n c r e a s e  i n  t h e  number of secondary 

e l e c t r o n s  produced a t  t h e  cathode. The nepat ive  i o n s ,  v ' i th  



-88- 

mass-to-charpe r a t i o s  thousands of times l a r w r  t h a n  t h a t  f o r  

e l e c t r o n s ,  were no t  a f f e c t e d  a r p r e c i e b l y  bv t h e  magnetic field, 

We b e l i e v e  t h a t  p o s j t i v e  ions formed by e i the r  e l e c t r o n s  o r  

nepa t ive  ions  a r e  s u b j e c t  t o  recombination r e a c t i o n s  on t h e  anode 

s u r f a c e ,  The evidence f o r  t h i s  i n  t h e  case  of t h o s e  ions formed 

by e l e c t r o n s  has a l r e a d y  been oresented.  I n  t h e  case  of p o s i t i v e  

ions  fo rmed  by nepa t ive  i o n s  t h e  t heo ry  of  Pvaporat ion i s  

supported by obse rva t ion  of a chanoe i n  t h e  apparent  c o e f f i c i p n t  

product ,  c1c2, w i t h  ?node d ta rne ta r .  The d e r i v s t i o n  end 

i n t e r p r e t a t i o n  of t h i s  e f f e c t  is comrlex, and onlv  a b r i e f  

d i s c u s s i o n  i s  r r e son ted  here.  A more ~ - ~ m p l e t e  d i scucs ion  i s  

presented i n  appen6ix A .  

If it i s  essumcd t h a t  a11  r o s i t i v e  ions produced by nepzti-ve 

i o n s  escape inmed ia t e ly  from t h e  anode s u r f a c e ,  t h e n  t h e  

m u l t i p l i c a t i o n  due t o  4 posJtive ion-nepative i o n  exchanpe can 

be expressed as l@.-fclcd. 

f r a c t i o n  of t h e  t o t s 1  nimber of neva t ive  ions rroduced a t  t h e  

cathode which cRn reach. t h e  anode. The q u a n t i t i e s  c l  and c2 a r e  

t h e  c o e f f i c i e n t s  f o r  production of rvrrative ions  a t  t h e  cathode 

and p o s i t i v e  ions  a t  t h e  anode by t b e  impect of p o c i t i v e  i o n s  

and newative ions  r e s ~ e c t i v ~ l y ,  Table  6 i l l i istrates t h e  e f f e c t  

The  q u a n t i t y  f i s  de f ined  a s  t h e  

of anode d i a m e t e r  on t h e  pro4uct q c 2 .  
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Table 6 
-.I 

Anode Source Grid-:! Anode 

G cm 50 amp, -1200 v 150 kv 0,098 8.95 

- diameter  s t r e n p t h  b i a s  vo l t ape  f c1 c, 

4 50 -600 110 0,162 5 * 8 5  

1 50 -3~0 120 0,098 1.8 

+ L  

The changes i n  c o e f f i c i e n t  product with anode s i z e  a r e  

c o n s i s t e n t  w i t h  t h e  theo ry  t h a t  p o s i t i v e  i o n s  escare from t h e  

anode s u r f a c e  by an e v a p r a t i v e  process and d isappear  p r i m a r i l y  

by recombination r e a c t i o n s .  The l a r R e r  anode has  a l a m e r  s u r f a c e  

a r e a ,  and t h e r e f o r e  a t  the sake anode f i e l d  fewer p o s i t i v e  i o n s  

cmo2 a r e  r equ i r ed  t o  produce a piven p o s i t i v e  i o n  c u r r e n t .  The 

lower concen t r a t ion  means t h a t  a smal le r  f r a c t i o n  of the i o n s  

w i l l  underpo recombination r e a c t i o n s  i n  a piven time, t h u s  a 

l a r p e r  f r a c t i o n  w i l l  e sca re  by e v a r o r a t i o n .  T h i s  r e s u l t s  i n  a 

l a r p e r  va lue  of t h e  c o e f f i c i e n t  c2 f o r  t h e  larerer anode. 

We b e l i e v e  t h a t  t h e  e f fec ts  observed w i t h  t h e  2.5 end 

4-cm anodes at l i m i t i n f f  voltanes and hinh m i d - 2  b i a s  a r e  due 

t o  a m u l t i p l i c a t i o n  of t h e  e l e c t r o n  induced emission by a 

nepat ive  ion-posi t ive i o n  exchenpe. We w i l l  d i s c u s s  t h e  reasons 

f o r  t h i s  conclus ion ,  bu t  f i r s t  we must d i s c u s s  t h e  d e v i a t i o n s  of 

t h e  exper imenta l ly  determined positive i o n  emission f o r  t h e  2.5 

and 4-cm anodes from t h e  empi r i ca l  equa t ion  der ived  from t h e  

r e s u l t s  ob ta ined  w i t h  t h e  1-cm anode. 

As was noted before ,  equat ion  ( 4 )  does not correctly p r e d i c t  

the positive i o n  emission f o r  t h e  2,5 and 4-cm anodes a t  voltapres 

below t h e  l i m i t i n p  k i l o v o l t a p ,  However, a n  eaua t ion  of t h e  same 
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form as  equat ion ( 4 )  with 0.02 s u b s t i t u t e d  f o r  0.0665 a s  t h e  

value of j? does f i t  t h e  experimental r e s u l t s  up t o  vol tages  

of about 200 kv and 180 kv r e s p e c t i v e l y  f o r  t h e  2.5 and 4-cm 

anodes. There a r e  s e v e r a l  poss ib le  reasons f o r  t h i s  d i f f e rence .  

The surface area of t h e  anode proper was used f o r  A i n  equat ion 

( h ) ,  but t h e  umbrella and rod a s  wel l  a s  the anode were found t o  

be emi t t i np  pos i t i ve  ions .  Use of a l a r p e r  value f o r  A would 

reduce t h e  required value for.9.  

ions on t h e  1-cm anode may be enhanced by a pos i t i ve  ion-neqative 

The concentrat ion of p o s i t i v e  

ion exchange w i t h  t h e  umbrella. There is a l s o  a quest ion as t o  

t h e  v a l i d i t y  of t he  d e r i v a t i o n  of t h e  c o n s t a n t %  . A l l  of t h e s e  

e f f e c t s  tend t o  produce a value o f &  which i s  t o o  h i rh ,  t hus  we 

conclude t h a t 4  c *  should be approximately 0.02 far a l l  anodes. 

We must then  regard t h e  approximately cor rec t  p red ic t ions  of 

emission i n  t a b l e  5 a s  co inc identa l ,  and we must find an 

exphinat ion f o r  an increase  i n  emission a t  l i m i t i n p  vol tapes .  

A t  l i rni t inpr  vol tapes  with h i p h  grid-2 b i a s  t h e  emission of 

pos i t i ve  ions  from the  2.5 and 4-cm anodes i s  no lonper  proport ional  

t o  t h e  square root of  the  charginR cu r ren t  as it is a t  lower 

vol tapes .  As we noted on pare 80, t h e  production of pos i t i ve  

ions by secondary cathodic  p a r t i c l e s  tends t o  mask t h e  square 

roo t  law. Thus t h e  dev ia t ion  from t h e  square roo t  l a w  may be due 

t o  a nepat ive ion-positive i o n  mul t iy l i ca t ion .  The a p p a r a n c e  of 

t h i s  m u l t i p l i c a t i o n  i n  t h e  case of t h e  2.5 and 4-cm anodes and t h e  

l ack  of it i n  t h e  case of the 1-cm anode may be due t o  a more 

Of c$ i n  t h e  case of t h e  l a r g e r  anodes, This 

would r e s u l t  from a lower concentrat ion of pos i t ive  i o n s  and thus  
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a l a y e r  probabi l i ty  f o r  any p a r t i c u l a r  ion t o  escape. 

We now have a r e n e r a l  p i c t u r e  of the  mechanisms by which 

leakane currentsof  t h e  "dark current"  type a r e  poduced i n  our 

s w t e n  . There a r e  two mechanisms, one of them pecul ia r  t o  our 

system i n  t h a t  it r e s u l t s  from t h e  presence of a beta  source i n  

t h e  anode. I n  both mechanisms, pos i t i ve  ions a r e  formed i n  a 

f i l m  on t h e  surface of t h e  anode. These ions underpo recombination 

r e a c t i o n s ,  and o n l y  a f r a c t i o n  of them escape from t h e  s u r f a c e .  

There a re  a number of phenomena which have not been diFcussed, 

I n  t h e  followinp: we will discuss  a number of these  b r i e f l y .  

Dependence of c o e f f i c i e n t  on f i e l d  - -- 
There i s  evidence t h a t  t he  c o e f f i c i e n t  f o r  production of 

e l e c t r o n s  a t  p r i d  2 is dependent on t he  magnitude of t h e  e l e c t r i c  

f i e l d  a t  t h e  r r r id  wires .  A t  a 1 i rn i t i nR  vol tape of 170 k i l o v o l t s  

on t h e  1-cm anode, t h e  leakape cu r ren t  requires  a secondary 

c o e f f i c i e n t  of 5 1  e l ec t rons  per i n c i d e n t  pos i t i ve  ion  a t  t h e  Kr id  

wires. T h i s  i s  comparable w i t h  t he  numbers obtained a s  secondary 

c o e f f i c i e n t s  w i t h  t h e  Faraday caRe ( f iEure  3 b ) .  When t h e  4-cm 
anode is l i m i t e d  a t  200 k i l o v - l t s ,  one h a s  t o  asSune a c o e f f i c i e n t  . 

of 1 1 2  e l e c t r o n s  per i nc iden t  i on  t o  expla in  t h e  nepat ive lpakave 

cu r ren t .  The  f i e l d s  a t  t h e  m i d  wires i n  these two  cases we- 

10 kv cm'l f o r  t he  1-cm anode and 54 kv cm-l f o r  t h e  4-em anode. 

T .  J .  L e w i s  descr ibes  a "Malter-like" e f f e c t  which is  J+ 

important f o r  f i e l d s  of t h e  order of lo5 v o l t s  cm-l. 

l i k e l y  t h a t  some such e f f e c t  is  t h e  cause o f  t h e  increase  i n  

c o e f f i c i e n t  a t  the E r i d  wires f o r  f i e l d s  of  a b o u t  5 x lo4 v o l t s  

It  seems 

cul-l. 
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D is s oc i a t i ons 

The appearance of a "neut ra l"  peak i n  t h e  mass s p e c t r a  of 

p o s i t i v e  ions  can be explained. only by d i s s o c i a t i o n  of p o s i t h e  

i ons ,  i n  f l i p h t  , i n t o  charEed fragments and n e u t r a l  framnents e 

peaks a t  mass- to-charp  r a t i o s  of 0.65,1 1.4, e t c .  can  be explained 

on t h e  b a s i s  of d i s s o c i a t i o n  i n  f l i K h t ,  The t r a n s i t  time f o r  

a p o s i t i v e  i o n  is of t h e  order of t e n t s  of microseconds, t h d s  

The 

t h e  parent  ions must have a mean l i f e  cf' about t h e  same o rde r  of 

mappitude. The peaks a t  apparent  mass-to-charee r a t i o s  0.65, 1,4, 

e tc .  a r e  due t o  d i s s o c i a t i o n s  yphich occur a f t e r  t h e  ions have 

t r a v e r s e d  t h e  e l e c t r I c  f i e l d  but before  they  reach t h e  maRnetic 

f i e l d  . 
Spark diacharp;e 

The spa rk  d i scha rges  i n  our  system seem t o  be i n t i m a t e l y  

r e l a t e d  t o  t h e  presence of p o s i t i v e  ions  on t h e  anode s u r f a c e ,  

Perhaps a d i s c h a r r e  occurs when t h e  c o e f f i c i e n t  product ,  f c l c 2 ,  

momentarily exceeds u n i t y .  The s i z e  of t h e  discharge would be 

determined by t h e  e x t e n t  eo w h i c h f r l e ~  i s  rrreatar  t h a n  1. The 

"bursty" count rate and t h e  f l i c k e r i n p  of a phosphor on t h e  anode 

s u p m s t  that a t  low prid-2 b i a s  t h e  p o s i t i v e  i o n  concen t r a t ion  is  

f l u e t u a t i n r  s e v e r a l  times a second. The s t e a d v  count r a t e  at: h i &  

grid-2  bias is a result of t h e  continuous product ion  of p o s i t i v e  

i o n s  by t h e  s t e a d y  b e t a  c u r r e n t .  

Double p u l s e s  

The double pulses  mentioned i n  t h e  exper imenta l  r e s u l t s  s e c t i o n  

may be due t o  nepa t ive  i o n s  produced a t  t h e  f i r s t  dynode of t h e  

e l e c t r o n  m u l t i p l i e r .  An i n c i d e n t  i o n  mivht produce 50 secondary 
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e l e c t r o n s  and one nevat ive  ion .  The e l e c t r o n s  would reach t h e  

second dynode before  t h e  nepa t ive  ion. 

produced a few e l e c t r o n s  a t  t h e  second dynode, t h e  r e s u l t  

would be a double pulse  w i t h  t he  second Teak somewhat s m a l l e r  

t h a n  t h e  f i r s t .  

If t h e  nepat ive i o n  

I 

- T i m e  de l ay  in p o s i t i v e  ion emission 

The observa t ion  of a delay  of about 1 mil l i second i n  t h e  

s topp inp  of p o s i t i v e  ion emission, when t h e  b i a s  on m i d  2 i s  

increased  suddenlv, lends stronrr s u p r o r t  to t h e  theory  of 

p o s i t i v e  i o n  evapora t ion .  The lack  of s u f f i c i e n t  d a t a  prohibits 

the use of t h i s  observation f o r  enyth inp  more t hen  co r robora t ive  

evidence. 

Hipher  volta pes 

As a r e s u l t  of t h i s  i n v e s t i e a t i o n ,  s e v e r a l  s u ~ w s t i o n s  can 

be made concerninp methods f o r  i n c r e a s i n p  t h e  maximum ob ta inab le  

vo l t apes  i n  a svstem s i m i l a r  t o  o u r s ,  One obvious s t e p  should 

be t h e  e l i m i n a t i o n  of all sources  of o rpan ic  contaminants.  T h i s  

i n  i t s e l f  miph t  e l imin; . te  t h e  p o s s i b i l i t y  of l e a k a m  due to 

electrons from t h e  beta source; however r e d u c t i o n  i n  the area 

exposed t o  be ta  r a d i a t i o n  might also be worthwhile. A l a r p e r  

system would permit the use of a cathode m i d  while reducinp 

leakage..of t h e  Mal t e r  type and more Fenera l ly ,  a l l  tvpes  of 

f i e l d  s e n s i t i v e  e l e c t r o n  emission. 



We have inves t iga ted  the  leakaEe of e l e c t r i c i t y  across  a 
The leakape has vacuum space i n  an oil-pumped vacuum system. 

been shown t o  cons i s t  of.' a flow of pos i t i ve  and negative 

p a r t i c l e s  between the  anode and t h e  cathode. 

p a r t i c l e s  were found t o  be pr imari ly  organic ions  produced i n  

a l a y e r  of o i l  on the  surface of t h e  anode, The negative 

p a r t i c l e s  were shown t o  be mostly e lec t rons .  

The pos i t i ve  

We have measured t h e  y i e l d s  of secondary negative p a r t i c l e s  

and secondary pos i t ive  p a r t i c l e s  produced by average pos i t i ve  

ions  i n  t h e  energy ranee from 50 t o  200 kev. These y i e l d s  

were found t o  be dependen t  on t h e  na ture  of t h e  ta rRet  m a t e r i a l  

as wel l  a s  on t h e  enemy of t h e  i n c i d e n t  ion. 

A mass spectrometer was employed t o  study t h e  na ture  of 

t h e  pos i t i ve  ions.  Most of these  ions were charEed fragments 

of orpanic molecules w i t h  masses ranging from 1.0 atomic mass 

u n i t  t o  more than  1000 atomic mass u n i t s ,  The most prominent 

peaks i n  t h e  mass spec t r a  occurred a t  mass-to-charge r a t i o s  of 

27, 32, and 46, Neutral particles were a t t r i b u t e d  to dissociation 

of a portion of the  pos i t i ve  ions d u r i n e  t h e i r  flight from 

anode t o  cathode. 

We have proposed two mechanisms t o  expla in  our experimental  

r e s u l t s ,  both involving t h e  formation of pos i t i ve  ions i n  t h e  

film of orpanic  ma te r i a l  covering t h e  anode sur face  Electrons,  

most of which o r i g i n a t e  a t  t h e  be t a  source,  a r e  presumed t o  

be t h e  agent f o r  pos i t i ve  ion  production i n  one mechanism, 

/ 
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Mul t ip l i ca t ion  of t h e  electron-induced pos i t i ve  ion  jcurrent 
I 

by a negative ion-posit ive i o n  exchanpe can be expressed a s  

l/P-fclcZ), if t h e  pos i t i ve  ions  produced by negative ions escape 

from t h e  anode su r face  immediately. T h i s  expression was der ived 

a s  follows. 

negative ions  t o  be emitted and each negat ive ion  on t h e  averace 

causes c2 p o s i t i v e  ions  t o  be emitted.  Assume t h a t  f c l  of t h e  

negat ive ions  s t r i k e  the  anode. An i n i t i a l  pos i t i ve  i o n  makes 
2 fclc2 pos i t i ve  ions  which t h e n  produce ( f c l c 2 )  

The m u l t i p l i c a t i o n  f a c t o r  is then  t h e  sum of an i n f i n i t e  s e r i e s ,  

1 t f c l c 2 t  ( f c1c2)~+  . . . ( f c l ~ 2 ) ~ . . .  If f c l c 2  is less than  one, 

t h i s  s e r i e s  is equal t o  l/@-fclc2), 

Assume each pos i t i ve  i o n  on t h e  average causes c1 

pos i t i ve  ions e t c ,  

The value of t h e  m v l t i p l i c a t i o n  f a c t o r  can be ca lcu la ted  

from experimental  r e s u l t s .  Measurements of t h e  cur ren t  t o  E r i d  1 

a t  a given vol tage ,  first w i t h  high b i a s  then  with low b i a s ,  

provide t h e  necessary da ta .  The m u l t i p l i c a t i o n  f a c t o r  is t h e  

r a t i o  of p o s i t i v e  i o n  emission a t  low b i a s  t o  t h a t  a t  h i c h  b i a s .  

The values of c1c2 recorded i n  t a b l e  6 were obtained by equating: 

t he  m u l t i p l i c a t i o n  f a c t o r  and t h e  express ion  l/ll-fclcd. 

We have c a l c u l a t e d  values f o r  t h e  c o e f f i c i e n t  product, c&c2 

( t a b l e  6 ) ,  on t h e  assumption tha,t  t h e  pos i t i ve  ions  produced by 

nepat ive ions  e s c e p  immedia/tely from t h e  anode sur face .  We %ill 

now use equat ions (1) and ( 4 )  i n  an at tempt  t o  p red ic t  t h e  r a t i o  

of clc2 f o r  t h e  4-cm anode t o  c lc2  f o r  t h e  1-cm anode. We w i l l  

assume t h a t  a reasonable  a p e e m e n t  between t h e  ca lcu la ted  value 

and t h e  r r e d i c t e d  va lue  of t h i s  r a t i o  is an i n d i c a t i o n  t h a t  t h e  

p o s i t i v e  ions  produced by neFtative ions  a r e  s u b j e c t  t o  t h e  same 
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recombination and evaporat ive processes as those produced by 

e l ec t rons .  

The r a t i o  of clcz f o r  t h e  4-cm anode t o  clc2 f o r  t h e  1-cm 

anode can be expressed i n  terms of p robab i l i t y  of escape f o r  

pos i t i ve  ions  on t h e  anode su r face .  The r r o b a b i l i t y  t h a t  a 

pos i t i ve  i o n  on t h e  anode su r face  w i l l  escape by evaporat ion is 

given by t h e  expression P=Rd/Rr?-Rd, where Rd is t h e  r a t e  of 

desorpt ion of pos i t ive  ions  and R r  is t h e  r a t e  of recombination, 

If Rd is  less than R,., t h e  approximation P =  Rd/Rr can be made. 

From equat ions (1) and ( 4 )  i n  t h e  d i scas s ion  we ne t  t h e  r e l a t i o n k  

s h i p s  I+ = ARd = kTholAc+ s<exp 6,75 x 1 O $ d  , where A is t h e  area 

of the anode, c+ is  the  concent ra t ion  of pos i t i ve  ions ,  and 

Ea is t h e  anode f i e l d  i n  v o l t s  cmol. The quan t i ty  R, is by 

hyro thes i s  propor t iona l  t o  (c+ )*. 

is independent of cathode f i e l d ,  t h e  r a t i o  of c l c 2  f o r  t h e  4-cm 
anode t o  c l c 2  f o r  t h e  1-cm anode is piven by t h e  equat ion  

With t h e  assumption t h a t  c1 

In  thiap equat ion  the  numbers i n  parentheses r e f e r  t o  anode 

diameter. The value of the exponential term depends only on 
t h e  voltaRes and r a d i i  of t h e  two anodes, The r a t i o  of c+ (1) 

t o  c + ( 4 )  can be obtained.from experimental  data,, i f  we assume 

t h e  v a l i d i t y  of equations (1) and (4). The secondary negat ive 

c u r r e n t  t o  pr id  1 is used i n  t h e  usua l  manner t o  c a l c u l a t e  t h e  

pos i t i ve  ion emission r a t e s ,  I+(1) and I + ( 4 ) .  The q u a n t i t y  

1+(1)/1+(4) is equal t o  t h e  express ion  

Solv ing  t h i s  f o r  c+( l ) /c , ( l+)  and s u b s t i t u t i n g  i n  t h e  above 
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equat ion we o b t a i n  t h e  following form f o r  t h e  r a t iokof  

c o e f f i c i e n t  products 

S u b s t i t u t i o n  of experimental  data obtained for the  4-cm 
anode a t  150 kv w i t h  -1200 v o l t s  on g r i d  2 and for the  1-crn 

anode a t  1 2 0  kv with -300 volts on mid 2 gives alc2(4)/clc2(1) 3 

5.9. Phis  is I n  s a t i s f a c t o r y  apreement wi th  t h e  r a t i o  of t h e  

values In t a b l e  6: c l c 2 ( 4 ) / c l c 2 ( 1 ) =  5.0. Thus we conclude 

t h a t  evaporat ion and recombination r eac t ions  are important 

f r o  pos i t i ve  ions  produced by negative ions. 
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