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ABSTRACT 

A probe  h a s  been  developed which is ,  i n  

e f fec t ,  a d i r ec t iona l  L a n g m n i r  probe .  The  d i r e c -  

t i ona l  qua l i ty  is n e c e s s a r y  f o r  use i n  a beam of 

high e n e r g y  ions  to e l imina te  the e f f ec t s  of the  

s t r e a m i n g  i o n s  on the  p robe  ope ra t ion .  T h i s  

p robe  h a s  been ut i l ized to m e a s u r e  the  back-  

s t r e a m i n g  (a lbedo)  e l e c t r o n  component  to v e r i f y  

the  bot t le  m o d e l  of s p a c e - c h a r g e  neut ra l iza t ion .  

I t  h a s  a l s o  been  poss ib le  to i n f e r  the dens i ty  of 

s low i o n s  in  the b e a m  c r e a t e d  by g a s  ion iza t ion  

and  to  i n f e r  a va lue  of the c r o s s  sec t ion  for s u c h  

g a s  ionizat ion which a g r e e s  with the an t ic ipa ted  

va lue .  



INTRODUCTION 

While ion neu t r a l i za t ion  i s  no longe r  g e n e r a l l y  c o n s i d e r e d  a 

thorny  p r o b l e m  with e l e c t r i c  propuls ion  d e v i c e s ,  i t  is incomple t e ly  

unders tood  a t  b e s t .  

conta in  u n r e a l i s t i c  s implifying a s s u m p t i o n s  and c a n  only be use fu l  i n  

providing l e a d s  f o r  e x p e r i m e n t s  which m a y  yield m o r e  def ini t ive in -  

fo rma t ion .  

T h e o r e t i c a l  a n a l y s e s  a r e  abundant  bu t  a l w a y s  

E a r l y  neu t r a l i za t ion  e x p e r i m e n t s  r e v e a l e d  a c u r i o u s  phenom-  

When the  b e a m  w a s  shown to be neu t r a l i zed  by inducing c u r r e n t  enon. 

i n  a coax ia l  hoop, s imul t aneous  L,angmuir p robe  m e a s u r e m e n t s  indi-  

ca t ed  that  high e n e r g y  e l e c t r o n s  w e r e  p r e s e n t  i n  the  b e a m  i n  suff i -  

c ien t  dens i ty  tha t  a net negat ive c u r r e n t  should be flowing. 

e s i s  - the  so -ca l l ed  "bottle mode l "  - was of fered  to expla in  t h i s  

s e e m i n g  cont rad ic t ion .  T h i s  hypothes is  p i c t u r e s  the  ion  b e a m  as  a 

bot t le  i n  which the e l e c t r o n s  a r e  t r a p p e d  by re f lec t ion  at the  bound- 

a r y  of the  beam w h e r e  a n  e l e c t r o n  s h e a t h  i s  p red ic t ed .  

f r o m  the  end of the b e a m  r e v e r s e s  the  d i r ec t ion  of t r a v e l  of e l e c t r o n s  

t h u s  caus ing  a f lux  of e l e c t r o n s  back  toward  the  engine.  

net  d r i f t  of e l e c t r o n s  away  f r o m  the  engine w a s  supposed  which had 

s u c h  

ion c u r r e n t .  It w a s  f o r  the  obse rva t ion  of t h e s e  a lbedo  e l e c t r o n s  

tha t  the  window p robe  w a s  conce ived .  T h e y  have ,  i n  fact, b e e n  ob-  

s e r v e d  and  a r e  of the o r d e r  of magni tude  p red ic t ed  by the  theo ry .  

A hypoth- 

Ref lec t ion  

H o w e v e r ,  a 

ve loc i ty  and  dens i ty  tha t  the  ne t  e l e c t r o n  c u r r e n t  equal led  the  

B e c a u s e  of the ab i l i ty  of the window p robe  to o p e r a t e  within 

the ion  b e a m  and  yet not r e spond  to the high e n e r g y  i o n s ,  i t  h a s  

a l s o  been  poss ib l e  to o b s e r v e  the  s low i o n s  c r e a t e d  by i n t e r a c t i o n s  

gf the high e n e r g y  c e s i u m  i o n s  with the r e s i d u a l  g a s  a t o m s  i n  the  

vacuum c h a m b e r .  F r o m  t h e s e  d a t a  we have ca l cu la t ed  a c r o s s  s e c -  

t ion of 4 x 10 -17 c m  

men t  with the  va lue  an t ic ipa ted  f r o m  s i m i l a r  da t a  f o r  neon and a r g o n ,  

I'he e f fec ts  on ground s imula t ion  s tud ie s  of the high dens i ty  of slow 

2 
f o r  the r e s i d u a l  g a s  which is i n  rough a g r e e -  
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i ons  m a y  be v e r y  i m p o r t a n t  s ince  the  dens i ty  i s  of the  s a m e  o r d e r  of 

magni tude  a s  tha t  of the high e n e r g y  i o n s  t h e m s e l v e s .  

po ten t ia l  d i s t r ibu t ion  which would no rma l ly  exist within the  b e a m  m a y  

be  s e v e r e l y  a l t e r e d  by t h e i r  p r e s e n c e .  

T h u s ,  the  

The  above-mentionedground s imula t ion  s tud ie s  a r e  being con- 

duc ted  a t  Hughes  R e s e a r c h  L a b o r a t o r i e s  unde r  a c o n t r a c t  f r o m  the  

Arno ld  F l igh t  T e s t  C e n t e r .  T h e s e  s tud ie s  include e x p e r i m e n t s  d e -  

s igned to  d e m o n s t r a t e  tha t  ion  engines  wi l l  p e r f o r m  adequate ly  i n  

space .  

DESCRIPTION AND CONSTRUCTION METHOD OF PROBE 

T h e  a p p e a r a n c e  of the  p robe  i s  s i m i l a r  t o  tha t  of the  u s u a l  

c y l i n d r i c a l  L a n g m u i r  p robe  and  t h e r e f o r e  the c y l i n d r i c a l  p robe  

t h e o r y  is appl icable .  In  t h i s  case ,  however ,  the  p robe  c o n s i s t s  of 

a c e n t e r  w i r e  in su la t ed  f r o m  a n  o u t e r  conductor  by a g l a s s  tube 

( F i g .  1 ) .  Albedo e l e c t r o n s  a r e  co l -  

l ec ted  a t  the c e n t e r  w i r e  through a 

window which h a s  been  cu t  i n  the 

o u t e r  conductor  and  in su la to r .  To  

i n s u r e  tha t  only a lbedo  e l e c t r o n s  

a r e  co l l ec t ed ,  the  window f a c e s  

away f r o m  the  ion  s o u r c e  and  d o e s  

not extend m o r e  than 180° a r o u n d  

the probe .  F a c t o r s  which d e t e r -  

m i n e  the des ign  of the  s i z e  and 

shape  of the window are  the  s p a t i a l  

r e so lu t ion  d e s i r e d ,  the sens i t i v i ty  

of the  c u r r e n t  m e a s u r i n g  equ ipmen t ,  

and  the appl ica t ion  of the  p a r t i c u l a r  

probe .  The  p robe  cons t ruc t ed  fo r  

the p r e l i m i n a r y  t e s t s  contained a 

I I CENTER 
CONDUCTOR 

-INSULATOR 

O U T E R  

I I 

Fig .  1. 
Window probe .  The  m e a s u r e d  
a lbedo  e l e c t r o n s  are  col lec ted  
at the c e n t e r  w i r e  which i s  ex-  
posed by the window cut i n  the 
probe .  
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- 3  2 .  window of about  1/8 in. i n  length and 1 0  c m  in  area. Leakage  

c u r r e n t  be tween the  c e n t e r  w i r e  and o u t e r  conductor  w a s  e l imina ted  

by main ta in ing  t h e m  at iden t i ca l  po ten t ia l s .  

T o  c o n s t r u c t  such  a thin p r o b e ,  a s t r a n d  of tungs ten  w i r e  i s  

e tched  to the p r o p e r  d i a m e t e r  and s t rung  through a v e r y  f ine  length 

of g l a s s  tubing. 

g l a s s  to a d h e r e  to  the  w i r e .  

t o  m a k e  a conducting coat ing which m a y  be  main ta ined  a t  a n y  d e s i r e d  

potent ia l .  T o  cu t  the window, a t empla t e  is p r e p a r e d  which,  when 

placed o v e r  the p r o b e ,  e x p o s e s  the d e s i r e d  a r e a  of the  window. 

window i s  then  c r e a t e d  by sandblas t ing  away the  o u t e r  conductor and 

the  i n s u l a t o r  to expose  the c e n t e r  w i r e .  

T h i s  tubing is subsequent ly  hea ted  to  c a u s e  the  

S i lve r  i s  e l ec t rop la t ed  onto the  g l a s s  

The 

THEORY 

1 The  o r ig ina l  Mott-Smith,  L a n g m u i r  p robe  t h e o r y  is thought 

to be  n e a r l y  va l id  f o r  pos i t ive  p robe  poten t ia l s  b e c a u s e ,  f o r  such  a 

small p r o b e ,  the s h e a t h  should h e  "norma l"  in  the  shadow region .  

The  theo ry  wi l l  not apply  exac t ly  b e c a u s e  of the  l ack  of c y l i n d r i c a l  

s y m m e t r y  and b e c a u s e  of the  depth  of the col lect ing s u r f a c e  below 

the  o u t e r  conductor ;  however ,  v e r y  c l o s e  approx ima t ion  to the 

idea l i zed  c a s e  can  h e  achieved  by c a r e f u l  p robe  des ign .  

Mot t -Smi th  and L a n g m u i r  showed tha t  the  v o l t - a m p e r e  

c h a r a c t e r i s t i c  of s u c h  a p robe  i s  d e g e n e r a t e  with r e s p e c t  t o  the  type 

of e l e c t r o n  e n e r g y  d i s t r ibu t ion  for pos i t ive  p robe  poten t ia l s .  

p a r t i c u l a r ,  f o r  a Maxwell ian d i s t r ibu t ion  or for a flux of monoene r -  

ge t ic  un id i r ec t iona l  e l e c t r o n s ,  the  p robe  c h a r a c t e r i s t i c  i s  

In 

V i = KAwI ,/ t - 
VO 

2 .  where  K =- in  the f o r m e r  c a s e  and 1 i n  the l a t t e r .  In both c a s e s ,  \/rr 
1 i s  the  c u r r e n t  co l l ec t ed ,  A, the window a r e a ,  I the  c u r r e n t  den-  

s i t y  which ex i s t ed  be fo re  the  p robe  w a s  i n s e r t e d ,  the poten t ia l  of 

'he p robe  with r e s p e c t  to the p l a s m a ,  and 

~ ~ e r g y  of the e l e c t r o n s .  

V 

Vo the c h a r a c t e r i s t i c  
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It i s  d e s i r e d  to find I and  Vo, and  both can  be  found e a s i l y  

i f  the p l a s m a  poten t ia l  i s  known. When i = 0, then  - V  = V o ,  and the  

c h a r a c t e r i s t i c  e n e r g y  is known t o  be  equa l  t o  -V.  When V = 0 ,  t hen  

i = KAwI, and the undis turbed  c u r r e n t  dens i ty  can  be ca l cu la t ed  to 

within a f ac to r  of K,  which i s  s m a l l  i n  the  c a s e s  cons ide red .  

B e c a u s e  the  p robe  o p e r a t e s  i n  a s t r e a m i n g  p l a s m a  t h e r e  wil l  

e x i s t  a shadow reg ion  behind i t  i n  which no high e n e r g y  i o n s  wi l l  be 

found. If t h i s  void reg ion  is  kept  s m a l l  c o m p a r e d  to a Debye length 

the  e l e c t r o n  d i s t r ibu t ion  within it w i l l  not v a r y  a p p r e c i a b l y  f r o m  tha t  

p red ic t ed  by the n o r m a l  theo ry .  

to keep  the  s i z e  of the  p r o b e s  cons ide rab ly  smaller than  a Debye 

length ,  which in  the  c a s e  of m o s t  p l a s m a s  inves t iga ted  is  about  

For t h i s  r e a s o n  i t  h a s  been  a t t e m p t e d  

1 m m .  

MEASUREMENT O F  SLOW ION BACKGROUND WITH WINDOW PROBE 

In o r d e r  to o b s e r v e  s low ions  c r e a t e d  i n  the b e a m  by c h a r g e -  

exchange o r  g a s  ion iza t ion ,  the  window p robe  w a s  b i a sed  negat ively.  

While s e a r c h i n g  fo r  slow pos i t ive  i o n s ,  the  window was d i r e c t e d  a w a y  

f r o m  the  high e n e r g y  c e s i u m  i o n s .  

e x t r e m e l y  diff icul t ,  however ,  b e c a u s e  of the complex  c h a r a c t e r i s t i c s  

( even  under  the  m o s t  i d e a l  condi t ions)  of Langmui r  type p r o b e s  a n d  

b e c a u s e  of the  dec ided  l ack  of i d e a l  condi t ions for t h e s e  e x p e r i m e n t s .  

Spec i f ica l ly ,  it  i s  a s s u m e d  that  the slow ions  a r e  a r e s u l t  of g a s  

ion iza t ion ,  but the v e r y  f ac t  tha t  they  have undergone a n  ionizing 

co l l i s ion  i m p l i e s  tha t  t h e i r  p rev ious  Maxwell ian e n e r g y  d i s t r ibu t ion  

h a s  been s e r i o u s l y  a l t e r e d .  

p robe  da ta  would have to  begin with the a s s u m p t i o n  that  the g a s  p o s s e s -  

ses a Maxwel l ian  d is t r ibu t ion .  We m u s t  then t ake  account  of the mod- 

i f ica t ions  to th i s  d i s t r ibu t ion  by the  ionizing co l l i s ions  and  f ina l ly ,  we 

m u s t  d e t e r m i n e  the  r e s p o n s e  of the probe  to  thc modif ied ve loc i ty  

s p e c t r u m .  

In t e rp re t a t ion  of the  r e s u l t s  i s  

T h u s ,  a n  adequate  a n a l y s i s  of the window 

4 
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F o r t u n a t e l y ,  t h i s  a n a l y s i s  need not be p e r f o r m e d  i n  i t s  e n t i r e t y  

fo r  u se fu l  i n fo rma t ion  to  b e  g leaned  f r o m  the  e x p e r i m e n t a l  o b s e r v a -  

t i ons .  F o r  i n s t a n c e ,  i t  i s  not u n r e a s o n a b l e  to  a s s u m e  tha t  the r e s i d -  

u a l  g a s  p o s s e s s e s  a Maxwel l ian  d i s t r ibu t ion  p r i o r  to  its d i s t u r b a n c e  

by the ion b e a m ,  and  tha t  the  net  e f fec t  of the  ion iz ing  i n t e r a c t i o n s  i s  

t o  s u p e r p o s e  a d r i f t  ve loc i ty  on  the  newly ion ized  p a r t i c l e s  i n  the  

d i r e c t i o n  of t r a v e l  of the c e s i u m  b e a m .  T h e r e  wi l l  a l s o  be newly 

a c q u i r e d  t r a n s v e r s e  componen t s  but t hey  would not enhance  the  win- 

dow p robe  c u r r e n t .  F o r  t h i s  r e a s o n  the ca l cu la t ions  of s low ion  

dens i ty  f r o m  window p robe  m e a s u r e m t n s  b a s e d  on a Maxwel l ian  

d i s t r ibu t ion  of ve loc i t i e s  wi l l  a l w a y s  be s m a l l e r  than  the  t r u e  dens i ty .  

I t  m a y  be poss ib l e  to  e s t i m a t e  the  ex ten t  of the  ve loc i ty  c h a n g e s  which 

o c c u r  du r ing  the  ionizing i n t e r a c t i o n s  t o  obtain a b e t t e r  e s t i m a t e  of 

the  a c t u a l  s low ion  dens i ty  but t h i s  h a s  not as  yet  been  a t t e m p t e d .  

I t  h a s  not been  p roven  conclus ive ly  tha t  the s low pos i t ive  i o n s  

a r e  c r e a t e d  by  g a s  ion iza t ion  al though i t  i s  diff icul t  t o  exp la in  t h e i r  

e x i s t e n c e  by a n y  o t h e r  m e a n s .  

s low ions  a n  e x p e r i m e n t  w a s  p e r f o r m e d  in  which d i f f e ren t  g a s e s  w e r e  

u s e d  i n  the  vacuum c h a m b e r a n d  the v a r i a t i o n  of the pos i t ive  ion den-  

s i t i e s  s tud ied  a s  a funct ion of p r e s s u r e .  B e c a u s e  of the  va ry ing  

m a s s e s  and  ion iza t ion  c r o s s  s e c t i o n s ,  the r e s p o n s e  of the  p r o b e  

should v a r y  a p p r e c i a b l y  wi th  d i f f e r e n t  g a s e s .  In p a r t i c u l a r ,  a fac- 

t o r  of m o r e  than  10  exists ( T a b l e  I )  be tween the  expec ted  r e s p o n s e s  

of he l ium and  xenon.  Both  He and  X e  w e r e  in t roduced  in to  the c h a m -  

b e r  and  t h e i r  dens i ty  w a s  v a r i e d  f r o m  8 x lo1 '  p a r t i c l e s / c m  

about  3 x 10 p a r t i c l e s / c m  while the s low ion concen t r a t ions  w e r e  

being sampled .  T h e  r e s u l t s  a r e  not i ncons i s t en t  with the r a t i o  of 

13: 1 in p robe  c u r r e n t  p red ic t ed  by the s i m p l e  t h e o r y ,  but they  a r e  

not r e l i a b l e  b e c a u s e  of a mal func t ion  of the c e s i u m  ion  gun. 

T o  e s t a b l i s h  f i r m l y  the  s o u r c e  of the 

3 to  
1 2  3 

One s t r ik ing  a s p e c t  of t h e s e  d a t a ,  which h a s  a l s o  a p p e a r e d  

p rev ious ly  in  d a t a  t aken  wi th  the l a r g e r  a n n u l a r  ion s o u r c e s ,  is  the  

ex i s t ence  of a f a i r l y  wel l -def ined dens i ty  l e v e l  above  which t h e r e  

a r e  only small  changes  i n  the window c u r r e n t  ( F i g .  

c a l  point a p p e a r s  f r o m  the  p r e l i m i n a r y  e x p e r i m e n t s  not  to  be a 

funct ion of the g a s  p r e s e n t  i n  the c h a m b e r ,  hut to  b e  dependent  on 

2 ) .  T h i s  c r i t i -  
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TABLE I 

P r e d i c t e d  Values  of P r o b e  C u r r e n t  f o r  V a r i o u s  G a s e s  

He 

Ne 

M1/2* 
ELEMENT I 

( a tomic  weight)  

0 .45  

1 . 0 0  

A 

K r  

Xe 

1. 40  

2. 0 2  
I 

I 2 .  54 

4 
u at 500 V (Ref .  2 )  I 

( c ros s  sec t ion)  

0 .1  

1 . 0 0  

5 . 0  

7 . 0  

2 2 . 0  

M- '12 L T O ' ~  I (Ref .  3 )  

(probe c u r r e n t )  

0.  36 

1 . 0 0  

2. 6 

2. 3 

4.7 

* 
Rela t ive  to Ne at 1.  00 
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F i g .  2. M a x i m u m  window p robe  c u r r e n t  v e r s u s  c h a m b e r  p r e s s u r e .  
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the s i z e  of the  c h a m b e r  i n  which the e x p e r i m e n t s  a re  being p e r f o r m e d ,  

M o r e o v e r ,  i n  the  two s e t s  of d a t a  which have shown th i s  c r i t i c a l  den-  

s i t y ,  i t  c o r r e s p o n d s  approx ima te ly  to the point at which the  m e a n  f r e e  

path of the i o n s  b e c o m e s  equa l  to the  d i s t ance  be tween the  engine and  

co l l ec to r .  The  two s e t s  of d a t a  w e r e  t aken  i n  d i f f e ren t  c h a m b e r s  

w h e r e  the engine-col lec tor  spac ing ,  and  hence the c r i t i c a l  d e n s i t y ,  

v a r i e d  by about  a f ac to r  of t h r e e .  

While i t  is i m p o s s i b l e  to d r a w  firm conc lus ions  f r o m  s u c h  da ta  

the impl ica t ion  is c l e a r  tha t  t h e r e  i s  a s ignif icant  cont r ibu t ion  to the 

p robe  c u r r e n t  f r o m  por t ions  of the  b e a m  up  to  one m e a n  f r e e  pa th  f r o m  

the p r o b e ,  and  tha t  as  the  m e a n  f r e e  path b e c o m e s  l e s s  than the  engine-  

co l l ec to r  d i s t a n c e ,  the  a t tenuat ion  of the  s low ion  flux by s c a t t e r i n g  

roughly c o m p e n s a t e s  f o r  t he  i n c r e a s e  i n  c u r r e n t  c a u s e d  by the in-  

c r e a s e d  g a s  dens i ty .  

f o r e  th i s  hypothes is  wi l l  be  conf i rmed  o r  denied ,  however .  

Many m o r e  e x p e r i m e n t s  wi l l  be n e c e s s a r y  be-  

In  the reg ion  su r round ing  a n  annu la r  ion  b e a m  t h e r e  a p p e a r  to 

be two d is t inc t  r eg ions  of slow pos i t ive  i o n s ,  one of which shows a 

def ini te  p r e s s u r e  dependence.  T h e  p r e s s u r e  dependent  port ion o c c u r s  

within the hollow of the  a n n u l a r  b e a m  w h e r e  the  b e a m  does  not ac tua l ly  

s t r i k e  the probe .  

ac tua l ly  l i e s  within the  b e a m  of c e s i u m  i o n s  and  m a y  be c a u s e d  by a 

phenomenon o the r  than slow ions .  

of slow i o n s  f r o m  the  c u r r e n t  m e a s u r e d  by the  window p r o b e  it i s  

n e c e s s a r y  to  make s e v e r a l  a s s u m p t i o n s .  The  equat ion employed  i n  

t h e s e  s t u d i e s ,  ( eq .  ( l ) ) ,  is one de r ived  by Schulz  and Brown  i n  which 

g r o s s l y  s implifying a s s u m p t i o n s  a r e  made .  It is  u s e d  b e c a u s e  the 

d a t a  obtained in  t h e s e  p r e l i m i n a r y  s tud ie s  probably  do not m e r i t  a 
m o r e  sophis t ica ted  t r e a t m e n t ,  and  a c c u r a c y  b e t t e r  than  a f a c t o r  of 

two would be  for tu i tous .  

T h e  p r e s s u r e  independent  por t ion  i s  tha t  which 

In o r d e r  to ca l cu la t e  the dens i ty  

3 .  

w h e r e  
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I = window c u r r e n t  

A = area of window 

e = e l e c t r o n i c  c h a r g e  

E = b a s e  of n a t u r a l  l o g a r i t h m s  

T - = e l e c t r o n  t e m p e r a t u r e  ( t aken  to be  1 2 , 0 0 0 0 K )  

k = Bol tzmann cons tan t  

M = m a s s  of pos i t ive  ion  . 

W 

W 

W e  w i l l  f i r s t  c o n s i d e r  the  p r e s s u r e  independent  p a r t  which 

a p p e a r s  a t  the  two pos i t ions  w h e r e  the high e n e r g y  i o n s  ac tua l ly  s t r i k e  

the  p robe  as  the p robe  is swept  th rough the  b e a m  ( F i g .  3 ) .  

t h e r e  i s  no p r e s s u r e  dependence ,  i t  i s  unl ikely tha t  t h e s e  s low i o n s  

a r e  c r e a t e d  b y  in t e rac t ion  o f t h e  c e s i u m  i o n s  with the r e s i d u a l  gas .  

A poss ib l e  explanat ion i s  tha t  the  cha rge -exchange  p r o c e s s  is c r e -  

a t ing  s low pos i t ive  i o n s  which  might  be  co l l ec t ed  at the  window of 

the p robe .  

a n e u t r a l  c e s i u m  a t o m  which w a s  emi t t ed  un-ionized f r o m  the  hot 

tungs ten  s u r f a c e ,  removing  a n  e l e c t r o n  f r o m  the  a t o m  to  r e p l a c e  the  

i o n ' s  m i s s i n g  e l e c t r o n  

Since  

I n  t h i s  p r o c e s s  a high e n e r g y  c e s i u m  ion  i n t e r a c t s  with 

2.8~10-~rnmHg 

.- 

PROBE VOLTAGE : -5V  COLLECTOR POTENTIAL = O V  SCALE 

BEAM VOLTAGE E I 2 kV GRID POTENTIAL ; -9Ov I O x I O ~ * A  

F i g .  3 .  P r o f i l e s  of slow ion  concen t r a t ion  i n  
the annu la r  ion b e a m  with the window 
probe  facing away f r o m  the  engine.  
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A f t e r  the  i n t e r a c t i o n  t h e r e  r e m a i n s  a s low-moving  c e s i u m  

ion and  a high e n e r g y  c e s i u m  a t o m ;  t h e s e  s low i o n s  wi l l  c e r t a i n l y  

con t r ibu te  to  the  background p l a s m a  i f  t hey  a r e  p r e s e n t  i n  suf f ic ien t ly  

abundant  quan t i t i e s .  The  c r o s s  sec t ion  f o r  t h i s  p r o c e s s  i s  r e a s o n a b l y  

wel l  known 

ca l cu la t e  the  dens i ty  of n e u t r a l s  n e c e s s a r y  t o  c r e a t e  the  o b s e r v e d  

p l a s m a .  

s impl i fy ing  a s s u m p t i o n s  which m u s t  b e  m a d e  conce rn ing  the  e n e r g y  

d i s t r ibu t ion  of the  s low ions .  

n e c e s s a r y  to p roduce  the  o b s e r v e d  p l a s m a  dens i ty  a r e  ca l cu la t ed  f r o m  

(2), below,  and  a typ ica l  r e s u l t  c o r r e s p o n d i n g  t o  the  d a t a  of F ig .  3 

yie lds  a n e u t r a l  p a r t i c l e  dens i ty  of about  5 x 10  / c m  . T h i s  is m u c h  

h ighe r  than  the n e u t r a l  dens i ty  an t i c ipa t ed ,  making  c h a r g e  exchange  a n  

unl ikely c o n t r i b u t o r  t o  the  o b s e r v e d  c u r r e n t s .  

4 and  f r o m  the  m e a s u r e d  window c u r r e n t s  it i s  p o s s i b l e  t o  

Such a ca l cu la t ion  i s  not e x t r e m e l y  a c c u r a t e  b e c a u s e  of 

Va lues  of the  n e u t r a l  c e s i u m  d e n s i t y  

11 3 

-1  

n 0 = uEx) nB 

w h e r e  

n = n e u t r a l  c e s i u m  dens i ty  

= r a n d o m  p l a s m a  dens i ty  
0 

nB 
e = e l e c t r o n i c  c h a r g e  

v = veloc i ty  of s low i o n s  ( t aken  t o  c o r r e s p o n d  t o  a 
Maxwel l ian  t e m p e r a t u r e  of 1 500°K) 

a c h a r a c t e r i s t i c  d i m e n s i o n  of t h e  ion  b e a m  ( 2  c m )  L 

J = high e n e r g y  c e s i u m  ion  c u r r e n t  d e n s i t y  

= 

= c r o s s  sec t ion  f o r  c h a r g e  exchange  . O E X  

S o m e  typ ica l  d a t a ,  p r e s e n t e d  i n  T a b l e  I1 below,  show the  r a n d o m  p l a s m a  

dens i ty  ( n  ) vary ing  with b e a m  dens i ty ;  t h i s  w a s  t o  b e  expec ted  f o r  a n y  

r e a s o n a b l e  p r o c e s s .  In all c a s e s ,  however ,  the n e u t r a l  p a r t i c l e  den -  

s i t y  would have to  b e  e x t r e m e l y  high to  accoun t  f o r  the  p r e s e n c e  o f  

such  a d e n s e  p l a s m a  of s low ions .  

the  p r e s e n c e  of the p r e s s u r e  

r e m a i n  without adequa te  explanat ion.  

B 

I t  a p p e a r s  t h a t ,  f o r  the  t i m e  be ing ,  

independent  por t ion  of the p l a s m a  m u s t  
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T h e  por t ion  of the p l a s m a  i n s i d c  the  annulus  shows  a d i s t inc t  

p r e s s u r e  dependence  which probably  r e s u l t s  f r o m  g a s  ionizat ion.  

check  t h i s  hypothes is  it i s  n e c e s s a r y  to  ca l cu la t e  the  c r o s s  sec t ion  

for g a s  ion iza t ion  of air by c e s i u m  i o n s  a n d t o  c o m p a r e  t h e  va lue  de-  

duced  with va lues  a s c e r t a i n e d  by o t h e r  me thods .  T h e  c r o s s  s e c t i o n  

for g a s  ion iza t ion  is ca l cu la t ed  f r o m  

To 

w h e r e  J i s  the c u r r e n t  dens i ty  i n  the  ion  b e a m ,  No the  dens i ty  of 

p a r t i c l e s  in  the  r e s i d u a l  g a s ,  and  

c r e a t e d  g a s  ion  l i n g e r s  i n  the  vicini ty  of the  ion  beam. 

l i s h  

by the  ve loc i ty  of a 300°K air  molecu le .  

t i ons  b a s e d  on the da t a  of F ig .  3 a r e  p r e s e n t e d  i n  T a b l e  111. 

a b l e  ' cons i s t ency  of the  ca l cu la t ed  va lues  of uI r e s u l t  when the  poss ib l e  

l a r g e  e r r o r s  i n  n e a r l y  all the  quan t i t i e s  u s e d  i n  the ca l cu la t ions  a r e  
c o n s i d e r e d .  F r o m  t h e s e  d a t a  a va lue  of uI equal  to 4 x 1 0 - 1 7 c m 2  

might  r easonab ly  b e  adopted f o r  c o m p a r i s o n  with p rev ious ly  d e t e r -  

mined  va lues  of uI. 

tain:ly not i n  cont rad ic t ion  to the  an t i c ipa t ed  r e s u l t .  On the  b a s i s  

of t h e s e  d a t a  i t  s e e m s  sa fe  to conclude that  the  p r e s s u r e  dependent  

p a r t  of the s low ion  p l a s m a  is the  r e s u l t  of ion iza t ion  of the r e s i d u a l  

g a s .  

T~ the  length of t i m e  a newly 

T o  estab- 

~ 1 ,  a c h a r a c t e r i s t i c  d imens ion  of the ion  b e a m  (8  c m )  is divided 

The  r e s u l t s  of s u c h  ca l cu la -  

R e m a r k -  

T h i s  r e s u l t  is p r e s e n t e d  i n  F ig .  4, and  is c e r -  

F ig .  4. N 
C r o s s  sec t ion  for ion iza t ion  

-2 by c e s i u m  i o n s  of a r g o n  and 
neon (Rf .2)  and of air ( t h e s e  

c -  

L- 

exper imen ' t  s .  " 5 t  

ci7-1s v- I 

FROM FILL-UP TIME 

-ARGON 

-CROSS SECTION DETERMINED 
FROM WCKGROUND PLASMA 

-CROSS SECTION DETERMINED 
FROM WCKGROUND PLASMA 4 

I I 

NEON 

I .I 0 
0 05 I O  15 20  25 3 0  35 4 0  

ION BEAM ENERGY, kV 
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I , .  

Densi ty  of High  E n e r g y  (1.  2 kV) 
3 Ion B e a m  ( 1  / c m  ) 

8 

8 

8 

3 . 3  x 10 

1.  3 x 10 

0 . 7 ~ 1 0  

TABLE I1 

Dependence of Slow Ion Dens i ty  on C e s i u m  Ion B e a m  Densi ty  

Dens i ty  of Slow 

Ions nR ( 1 / c m  ) 
3 

1 . 4  x 10 8 
8 0 . 6  x 1 0  
8 0 . 2 x  1 0  

7 . 2  x l o 6  

7. 2 x l o 6  

2. 6 x l o 7  

I 

-17  3 . 4  x 10 

1. 8 x 

2. 2 x 1 O - l ’  

T A B L E  111 

Calcula t ion  of uI f r o m  Plasma Dens i ty  M e a s u r e m e n t s  

C e s i u m  B e a m  Voltage = 1. 2 kV 

Data f r o m  
F ig .  3 

3 . 5  x 10 

1 . 7  x 10 

C 3 . 5  x 10 

d 9 . 8 ~ 1 0  

12  

12 

12  

1 . 7  

1 . 7   IO-^ 
- 4  

- 4  
1 . 7  x 10 

1 . 7  x 10 

2 
J (A/cm 

1 . 2  
-4  

- 4  
1 . L x l O  

1 . 1  x 10 

1 . 1 5 ~  

R e g a r d l e s s  of the  c a u s e  of the  slow ion  p l a s m a ,  i t s  p r e s e n c e  i s  

obviously of g r e a t  i m p o r t a n c e  to s imula t ion  cons ide ra t ions .  

ence  of a p l a s m a  of dens i ty  c o m p a r a b l e  to  tha t  of the  ion b e a m  w i l l  

T h e  ex i s t -  



d r a s t i c a l l y  a l t e r  the  poten t ia l  d i s t r ibu t ion  a c r o s s  the  b e a m  and  wi l l  

t h e r e f o r e  a f fec t  the  d i s t r ibu t ion  of e l e c t r o n s  r e spons ib l e  f o r  the  

neu t r a l i za t ion  of t he  ion b e a m .  

s i t y  which c a n  be  t o l e r a t e d  while still main ta in ing  a n  adequa te  s t a t e  

of s imula t ion  h a s  not been  d e m o n s t r a t e d  ana ly t i ca l ly ,  i t  would s e e m  

safe to  o p e r a t e  with the  s low ion  dens i ty  a t  l e s s  than 1% of the  b e a m  

dens i ty .  

a p p e a r s  tha t  the  p r e s s u r e  m u s t  be  main ta ined  below 

Hg to  a s s u r e  a suff ic ient ly  low l eve l  of s low ion dens i ty .  

Although the l eve l  of s low ion  den-  

B a s e d  on t h i s  c r i t e r i o n  and  on the d a t a  p r e s e n t e d  h e r e ,  i t  
-6 5 x 10 mm 

It is a l s o  poss ib l e  to  obta in  the  c r o s s  sec t ion  f o r  the  i n t e r -  

ac t ion  which l i b e r a t e s  e l e c t r o n s  to  neu t r a l i ze  the  ion  b e a m  by 

m e a s u r i n g  the  f i l l -up t i m e  -the length of t i m e  r e q u i r e d  f o r  a 

comple t e ly  unneut ra l ized  b e a m  to  b e c o m e  neu t r a l i zed  by t h e s e  

s p u r i o u s  e l e c t r o n s .  

be  g r e a t e r  than  the  a c t u a l  g a s  ion iza t ion  c r o s s  sec t ion  f o r  two rea- 

sons .  F i r s t ,  i t  is difficult  to be  s u r e  tha t  all the  e l e c t r o n s  have 

been  r e m o v e d  f r o m  the  ion b e a m ,  and  second ,  o t h e r  s o u r c e s  s u c h  

as  i n t e r a c t i o n s  with the vacuum c h a m b e r  wal l s  and  co l l ec to r  m a y  

con t r ibu te  e l e c t r o n s .  The  c r o s s  sec t ion  f o r  g a s  ion iza t ion  by c e -  

s i u m  i o n s  of a r g o n  and  neon h a s  been  invest igated" 

obtained a r e  shown i n  F ig .  4. 

app l i cab le  to  the  in t e rac t ion  being inves t iga ted  b e c a u s e  the  r e s i d u a l  

g a s  had approx ima te ly  the  composi t ion  of air ,  it might  be  expec ted  

that t h e  co r re spond ing  c u r v e  fo r  c e s i u m  i o n s  i n  air would b e  be-  

tween  those  f o r  neon and  a r g o n  s ince  the  m o l e c u l a r  weight  of air 

l ies  roughly halfway be tween neon and a rgon .  

T 

The  c r o s s  sec t ion  obtained in  t h i s  m a n n e r  wi l l  

a n d  the  va lues  

While t h e s e  c u r v e s  a r e  not d i r e c t l y  

If we r e p r e s e n t  the f i l l -up  t i m e  by the dens i ty  of the f '  
r e s i d u a l  g a s  by N o ,  and the  ve loc i ty  of the c e s i u m  i o n s  by v then 

the c r o s s  sec t ion  for product ion of the  neut ra l iz ing  e l e c t r o n s  is 

given by 6 
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. .  

1 
No (2) 
1 . 4  x 10 l 1  

4 . 6  x 10 l 1  

1 . 8  x 10  l 2  

In  Tab le  IV a r e  tabula ted  va lues  of u ca lcu la t ed  for  N v a r y -  

The  va lues  of T~ i n  Tab le  IV 
I 0 

ing by m o r e  than a n  o r d e r  o f  magnitude.  

w e r e  t aken  f r o m  the  d a t a  d isp layed  i n  F i g .  5. 

the  u ' s  thus  tabula ted  show s u c h  r e m a r k a b l e  cons i s t ency  d e s p i t e  the  

poss ib i l i ty  of a p p r e c i a b l e  e r r o r s  i n  both N and  T T h e s e  r e s u l t s  

would lead to  the  adopt ion of a va lue  of 1. 5 x 10-16 c m  

4. 0 kV, about  a f ac to r  o f  two h igher  than an t ic ipa ted .  

of the  r e s u l t s ,  however ,  i s  encouraging  and  the  high va lues  obtained 

f o r  u are  not i ncons i s t en t  fo r  the  r e a s o n s  a l r e a d y  noted. 

It i s  encouraging  tha t  

I 

f' 2 0 

f o r  u1 at 

The  cons i s t ency  

I 

T ( s e c )  

4 x  

2 x  

5 x  

TABLE I V  

C r o s s  Sect ion fo r  L ibe ra t ion  of Neut ra l iz ing  E l e c t r o n s  

Calcu la ted  f r o m  F i l l - u p  T i m e  M e a s u r e m e n t s  

6 

6 

6 

6 

7 . 6  x 10 (4kV) 

7 . 6  x 10 

7 . 6  x 10 

7 . 6  x 1 0  

-16 

-16 

-16 

-16 

2 . 3  x 1 0  

1 . 5  x 10 

1 . 5  x 10 

1 . 3  x 1 0  

MEASUREMENT O F  THE ELECTRON ALBEDO WITH THE 
WINDOW PROBE 

I n  o r d e r  to e l imina te  the  chance  of i n t e r a c t i o n s  of the  b e a m  

with the  co l l ec to r  tha t  would a f fec t  the p robe  c u r r e n t ,  the b e a m  w a s  

pulsed  and  the  length of the  ion  pulse  was main ta ined  a t  l e s s  than 

25 c m  while the  d i s t ance  f r o m  the p robe  to the  co l l ec to r  w a s  about  

2 m .  

and  the  c o l l e c t o r  s imul taneous ly .  

f r o m  the  co l l ec to r  w e r e  s u p p r e s s e d  b y  m e a n s  of a g r i d .  

did not cont r ibu te  to the  probe  c u r r e n t  unde r  any  condi t ions ,  however ,  

T h e r e f o r e ,  a t  no t i m e  w a s  the b e a m  i n  contac t  with the p robe  

Secondary  e l e c t r o n s  emanat ing  

T h a t  they 
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la1 P R E S S U R E - 4 . 0  x 10-6mm Hg 

( b )  PRESSURE = I .3 x 10-smrn Hg 

(d)  

PRESSURE = 5 . 0  x 10-smrnHg 

PRESSURE I L O X  10-4mm H g  

Fig .  5. Ef fec t  of p r e s s u r e  on f i l l -up  t i m e .  
Co l l ec to r  d i s t ance  = 1 0  ft 
Co l l ec to r  po ten t ia l  = t 90 V 
P u l s e  length = 5 psec  
P u l s e  ampl i tude  = 600 V 
Scope set t ing:  

(a )  co l l ec to r  c u r r e n t  = 2 mA/  

(b)  t i m e  s c a l e  

d iv is ion  

= 0 . 5  m s e c /  
d iv is ion .  
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w a s  d e m o n s t r a t e d  by vary ing  the g r id  vol tage  f r o m  -90  V to  t 270 V 

with r e s p e c t  to the  co l l ec to r  which,  i n  t u r n ,  w a s  at -90  V with r e -  

spec t  t o  ground.  No change i n  p robe  c u r r e n t  was  not iceable  th rough-  

out the  r a n g e  of g r i d  vol tages .  I t  is  a l s o  i m p o s s i b l e ,  fo r  pu re ly  geo-  

m e t r i c a l  r e a s o n s ,  tha t  a s ignif icant  n u m b e r  of e l e c t r o n s  f r o m  the  

c o l l e c t o r  should r e a c h  the window of the p robe  u n l e s s  d i r e c t e d  by 

s o m e  m e a n s  such  as  the  ion b e a m ,  

Using the  va lue  of 6 V d e t e r m i n e d  by independent  L a n g m u i r  

p robe  m e a s u r e m e n t s  to d e s c r i b e  the e l e c t r o n  e n e r g y  i n  a n  ion  b e a m  

containing 1 0  ions/cm , a n  e l e c t r o n  dens i ty  of 5 x 10 / c m  was 

ca l cu la t ed  for t he  a lbedo  e l e c t r o n  component  f r o m  d a t a  obtained with 

the  p robe .  

ion  b e a m  have been  obtained ( F i g .  6 )  and  show many  i n t e r e s t i n g  

qua l i ta t ive  a s p e c t s  of ion b e a m  behav io r .  

8 .  3 7 3 

P r o f i l e s  of a lbedo e l e c t r o n  d i s t r ibu t ion  a c r o s s  a n  a n n u l a r  
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Fig .  6. T i m e - a v e r a g e d  spa t i a l  a lbedo  e l e c t r o n  d i s t r ibu t ion  of 
pulsed  c e s i u m  ion b e a m .  
peak probably  ind ica t e s  a n  a s y m m e t r i c a l  ion  s o u r c e .  

T h e  ex i s t ence  of a s ing le  
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