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1. I N T R O D U C T I O N  

- 1 1 OUTLINE OF ST'UDY 
\d 4.9 55- 2 \o ?(, 

The o b j e c t i v e  of  t h e  s tudy  made unde r  C o n t r a c t  4-i~ 

t o  d e f i n e  a n  expe r imen t  f o r  mean ingfu l ,  q u a n t i t a t i v e  measurements  

on g a s - s u r f a c e  i n t e r a c t i o n s  as t h e y  o c c u r  i n  an  e a r t h  s a t e l l i t e  

env i ronmen t .  Such a n  exper iment  would lead to a b e t t e r  under -  

s t a n d i n g  o f  s a t e l l i t e  d r a g  phenomena by p r o v i d i n g  i n f o r m a t i o n  on 

g a s - s u r f a c e  momentum and energy t r a n s f e r .  The r e l e v a n t  da t a  would 

be  o b t a i n e d  t h r o u g h  a d e t a i l e d  s t u d y  o f  t h e  v e l o c i t y  d i s t r i b u t i o n s  

i n  i n c i d e n t  and r e f l e c t e d  g a s  beams .  The o r i g i n a l  p r o p o s a l  d e f i n e d  

an  e x p e r i m e n t a l  concep t  based  on t h e  e x p e r i e n c e  and c u r r e n t  e f f o r t s  

of t h e  Space  P h y s i c s  Labora to ry  and t h e  Molecu la r  B e a m  L a b o r a t o r y  

of t h e  U n i v e r s i t y  o f  Michigan.  The expe r imen t  p roposed  was to 

p r o v i d e  a f l u x  o f  r e f l e c t e d  p a r t i c l e s  and a n  a n a l y s i s  o f  t h e  com- 

p o s i t i o n ,  v e l o c i t y  d i s t r i b u t i o n ,  and a n g u l a r  d i s t r i b u t i o n  o f  t h e  

r e f l e c t e d  stream. The p r o p o s a l  emphasized t h e  p o s s i b i l i t y  o f  

u s i n g  a metastable  d e t e c t o r  for measurements  o f  v e l o c i t y  d i s t r i -  

b u t i o n s  and a mass s p e c t r o m e t e r  f o r  t h e  measurement o f  f l u x  com- 

p o s i t i o n .  

The s t u d y  has p roceeded  ve ry  n e a r l y  a l o n g  t h e  l i n e s  p roposed .  

The impor t ance  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  d e t e r m i n a t i o n  has 

d i c t a t e d  a f u r t h e r  s h i f t  of emphasis  toward  t h e  s t u d y  o f  metastable 

t i m e - o f - f l i g h t  (MTOF) a n a l y z e r s  which show g r e a t  p romise  i n  t h i s  

a p p l i c a t i o n .  I n  a d d i t i o n ,  t h e  e x p e r i m e n t a l  geometry o r i g i n a l l y  

p roposed  has been  changed t o  a c o n f i g u r a t i o n  which appears a b l e  

t o  p r o v i d e  more m e a n i n g f u l  measurements .  

1 



The p r e s e n t  r e p o r t  i s  ma in ly  conce rned  w i t h  t e c h n i q u e s  and 

problems a s s o c i a t e d  w i t h  measurements  i n v o l v i n g  m o l e c u l a r  n i t r o g e n .  

The g e n e r a l  f e a t u r e s  o f  t h e  p roposed  e x p e r i m e n t a l  c o n f i g u r a t i o n  

and o f  t h e  m e t a s t a b l e  t i m e - o f - f l i g h t  a n a l y z e r  a re  c o n s i d e r e d  i n  

S e c t i o n  1. 

o r b i t  a re  p r e s e n t e d  i n  S e c t i o n  2 .  S e c t i o n  3 c o n t a i n s  t h e  i n t e r -  

p r e t a t i o n  of a t i m e - o f - f l i g h t -  spec t rum i n  terms o f  a m o l e c u l a r  

v e l o c i t y  d i s t r i b u t i o n  f u n c t i o n .  The c o l l i s i o n - i n d u c e d  m o d i f i c a -  

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

have  been  measured; t h e  a n a l y s i s  o f  t h i s  expe r imen t  and i t s  i m p l i -  

c a t i o n s  f o r  t h e  p roposed  g a s - s u r f a c e  i n t e r a c t i o n  s t u d i e s  a re  g i v e n  

i n  S e c t i o n  4 .  P r o p e r t i e s  o f  m o l e c u l a r  n i t r o g e n  r e l e v a n t  to t h e  

MTOF a n a l y s i s  a r e  p r e s e n t e d  i n  S e c t i o n  5.  I n  S e c t i o n  6 t h e  ope r -  

a t i o n  of  m e t a s t a b l e  d e t e c t o r s  i s  shown to be s t ab le  and r e l i a b l e  

unde r  a d v e r s e  o p e r a t i n g  c o n d i t i o n s .  S e c t i o n  7 d e s c r i b e s  experimen- 

t a l  s u t d i e s  o f  novel methods f o r  p r e p a r i n g  c l e a n  t a r g e t  s u r f a c e s  

which can  f e a s i b l y  be done i n  o r b i t .  I n  t h e  c o n c l u d i n g  s e c t i o n ,  

t h e  work performed unde r  t h e  c o n t r a c t  i s  summarized, and t h e  con- 

s t r u c t i o n  o f  a s a t e l l i t e - b o r n e  MTOF a n a l y z e r  f o r  a n a l y s i s  of' N2 

s c a t t e r e d  from v a r i o u s  t a r g e t  s u r f a c e s  i s  recommended. 

The f l u x e s  o f  N2, 02, and 0 e x p e c t e d  a l o n g  t h e  ODYSSEY 

2 



1 . 2  PROPOSED EXPERIMENTAL COWFIGURATION 

1 . 2 . 1  G e n e r a l  D e s c r i p t i o n  

The main o b J e c t i v e  of t h e  p roposed  expe r imen t  i s  to e x p l o r e  

t h e  i n t e r a c t i o n s  o f  n i t r o g e n  m o l e c u l e s  w i t h  e n g i n e e r i n g  and 

s c i e n t i f i c  s u r f a c e s  unde r  c o n d i t i o n s  o f  r e l a t i v e  v e l o c i t y  and 

g e n e r a l  env i ronmen t  found on an ear th  s a t e l l i t e .  The n i t r o g e n  

m o l e c u l e s  which s t r i k e  t h e  s a t e l l i t e  a re  s c a t t e r e d  i n  a l l  d i r e c -  

t i o n s ;  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e  m o l e c u l e s  which s c a t t e r  

f rom a t a r g e t  s u r f a c e  i s  t o  be measured .  The v e l o c i t y  o f  t h e  

N2 m o l e c u l e s  r e l a t i v e  to t h e  s a t e l l i t e  b e f o r e  impact  i s  r e l a t i v e l y  
6 u n i f o r m  and i s  on t h e  o r d e r  of 1 0  cm/sec; t h e i r  v e l o c i t y  d i s t r i -  

b u t i o n  a f t e r  s c a t t e r i n g  i s  to b e  measured.  An a d d i t i o n a l  o b j e c -  

t i v e  i s  t h e  measurement o f  t h e  c o m p o s i t i o n  o f  t h e  t o t a l  m o l e c u l a r  

f l u x  i n c i d e n t  on t h e  s a t e l l i t e .  

T h e  e x p e r i m e n t s  as c u r r e n t l y  conce ived  a re  o p e r a b l e  between 

1 0 0  and  350 k m  a l t i t u d e :  t h e  uppe r  a l t i t u d e  l i m i t  i s  r e a c h e d  when 

t h e  r e f l e c t e d  f l u x  of  N 2  i s  t o o  weak to b e  measured ,  w h i l e  t h e  

l o w e s t  o p e r a t i n g  a l t i t u d e  i s  t h a t  a t  which t h e  mean f r e e  p a t h  o f  

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

c h a r a c t e r i s t i c  d imens ions  o f  t h e  d e t e c t o r .  

The g e n e r a l  f e a t u r e s  o f  t h e  expe r imen t  are  shown i n  F i g u r e  

1.1. A q u a d r u p o l e  mass s p e c t r o m e t e r  to measure t h e  c o m p o s i t i o n  

of t h e  incoming f l u x  i s  shown on one s i d e .  An i n s t r u m e n t  f o r  

measu r ing  t h e  f l u x  o f  N 2  a l o n e  i s  on t h e  o t h e r  s i d e .  Cen te red  

between t h e s e  two i n s t r u m e n t s  i s  an  e n c l o s e d  a n a l y z e r  which i s  

used  for t h e  measurement of t h e  a n g u l a r  d i s t r i b u t i o n  and v e l o c i t y  

3 
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I: 
d i s t r i b u t i o n  o f  t h e  n i t r o g e n  flux which is r e f l e c t e d  from a 

t a r g e t  s u r f a c e .  Molecu le s  s t r i ke  t h e  t a r g e t  s u r f a c e  at an a n g l e  

d e t e r m i n e d  by t he  a t t i t u d e  o f  the s a t e l l i t e  w i t h  r e s p e c t  to i t s  

v e l o c i t y  v e c t o r .  Al though r i g o r o u s  a t t i t u d e  s t a b i l i z a t i o n  i s  

n o t  r e q u i r e d  f o r  the p r o p o s e d  e x p e r i m e n t ,  no& a l l -  a t t i t u d e s  o f  

t h e  s p a c e c r a f t  w i l l  g i v e  a u s e f u l  f l u x - i n t o  t h e  TOF a n a l y z e r .  

The e f f e c t i v e  a n g u l a r  ap ' e r tu re  o f  t h e  i n s t r u m e n t  w i l l  depend on 

t h e  f i n a l  d e s i g n ,  but s h o u l d  be abou t  1 s t e r a d i a n .  I f  t h i s  l a r g e  

a p e r t u r e  i s  to be u s e f u l ,  c a r e  must b e  t a k e n  to p l a c e  t h e  expe r -  

imen t  s o  t h a t  i t s  a t t i t u d e . r e l a t i v e  to t h e  v e l o c i t y  v e c t o r  o f  

t h e  s a t e l l i t e  w i l l . . b e  a b o u t  as shown i n  F i g u r e  1.1 d u r i n g  a t  

l e a s t  pa r t  of each t u m h 1 i n g . c y c l e .  Noteworthy f e a t u r e s  o f  t h e  

p roposed  expe r imen t  i n c l u d e :  

1. 

2. 

3 .  

No moving p a r t s  are  employed o t h e r  t h a n  t h e  t a r g e t  

s u r f a c e  i n d e x e r .  

A t t i t u d e  s t a b i l i z a t i o n  i s  not r e q u i r e d  f o r  t h e  s a t e l l i t e ;  

i n  f a c t  t h e  t u m b l i n g  o f  t h e  v e h i c l e  p r o v i d e s  a v a r i e t y  o f  

i n c i d e n c e  a n g l e s  f o r  t h e  m o l e c u l e s  on t h e  t a r g e t .  

T a r g e t  s u r f a c e s  a re  d i r e c t l y  exposed  to t h e  s p a c e  

env i ronmen t .  

1 . 2 . 2  Measurements o f  V e l o c i t y  D i s t r i b u t i o n  i n  R e f l e c t e d  F l u x  

The v e l o c i t y  d i s t r i b u t i o n  o f  a beam o f  i o n s  i n s i d e  an  appa r -  

a t u s  i s  governed  more by e l e c t r i c  f i e l d s  w i t h i n  t h e  e n c l o s u r e  

t h a n  by t h e  v e l o c i t i e s  o f  t h e  incoming n e u t r a l  m o l e c u l e s ,  i n d i -  

c a t i n g  t h a t  t h e  v e l o c i t y  a n a l y s i s  on t h e  r e f l e c t e d  f l u x  s h o u l d  be  

5 



done on t h e  molecu le s  w h i l e  t h e y  are  e l e c t r i c a l l y  n e u t r a l .  The 

v e l o c i t y  a n a l y s i s  o f  a n e u t r a l  m o l e c u l a r  beam can  b e  done w i t h  a 

mechan ica l  v e l o c i t y  f i l t e r  (Mi l l e r  and Kusch, 1 9 5 5 ;  see a l s o  S e c t i o n  

4 . 2 . 3 )  o r  by o b s e r v i n g  t h e  t i m e  o f  f l i g h t  (TOF) o f  g r o u p s  o f  

m o l e c u l e s  i n  a chopped m o l e c u l a r  beam. However, r o t a t i n g  v e l o c i t y  

f i l t e r s  a r e  m a n i f e s t l y  u n s u i t e d  f o r  s a t e l l i t e  e x p e r i m e n t s  and 

mechan ica l  beam chopper s  do n o t  seem p r a c t i c a l  (Grumman r e p o r t  

on t h i s  s t u d y  f o r  t h e  month o f  J u l y ,  1 9 6 7 ,  c o n t r a c t  NAS 8 - 2 1 0 9 6 )  

for t h e  v e l o c i t i e s  o f  i n t e r e s t  i n  t h i s  work. 

To a v o i d  d i f f i c u l t i e s  i n h e r e n t  i n  m e c h a n i c a l  s y s t e m s ,  i t  i s  

p roposed  t h a t  a p u l s e d  e l e c t r o n  gun be used  to c r e a t e  a s p a t i a l l y  

c o n c e n t r a t e d  group o f  n e u t r a 1 , m e t a s t a b l e  N m o l e c u l e s  a The t i m e  

o f  f l i g h t  of  t h e s e  m e t a s t a b l e s  o v e r  a 20 em p a t h  i n  t h e  a p p a r a t u s  

would be  o b s e r v e d .  S i n c e  t h e  metastable  m o l e c u l e s  a r e  n e u t r a l ,  

t h e  d e t e c t o r  o u t p u t  w i l l  b e  an  a c c u r a t e  measure o f  t h e  v e l o c i t y  

d i s t r i b u t i o n  of t h e  r e f l e c t e d  n e u t r a l  f l u x .  The MTOF method has 

been  employed t o  measure t h e  v e l o c i t y  d i s t r i b u t i o n  i n  m e t a s t a b l e  

2 

a t o m i c  hydrogen  ( L e v e n t h a l ,  1 / 2  he l ium ( F r e n c h ,  1 9 6 7 )  and i n  22S 

et a_L, 1967). No moving mechan ica l  p a r t s  a re  i n v o l v e d  and e l e c -  

t r o n  guns can  g i v e  s h o r t  p u l s e s  w i t h  ease ,  s o  t h e  sys t em i s  w e l l  

s u i t e d  f o r  a n a l y s i s  of  v e r y  f a s t  m o l e c u l a r  beams. Moreover ,  t h e  

p r e s e n t  s t u d y  shows t h a t  m e t a s t a b l e  d e t e c t o r s  a re  e f f i c i e n t ,  

s t a b l e ,  and very rugged .  On t h e s e  g r o u n d s ,  t h e r e f o r e ,  i t  a p p e a r s  

t h a t  m e t a s t a b l e  TOF a n a l y s i s  i s  by f a r  t h e  most p r a c t i c a l  method 

f o r  t h e  measurement of v e l o c i t y  d i s t r i b u t i o n s  i n  t h e  c a s e s  r e l e -  

v a n t  to t h e  s t u d y  o f  s a t e l l i t e  d r a g .  
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1 . 2 . 3  G e n e r a l  D e s c r i p t i o n  o f  TOF Ana lyze r  O p e r a t i o n  

The o p e r a t i o n  of t h e  proposed N2 TOF a n a l y z e r  i s  most e a s i l y  

d i s c u s s e d  w i t h  r e f e r e n c e  t o  F i g u r e  1 . 2 .  The m o l e c u l e s  e n t e r  t h e  

a n a l y z e r  e i t h e r  d i r e c t l y ,  as  for f l u x  measurements ,  or a f t e r  

r e f l e c t i o n  from a t a r g e t  as shown i n  t h e  f i g u r e .  The m o l e c u l e s  

p a s s  i n t o  a p u l s e d  e l e c t r o n  gun where some o f  them are  e x c i t e d  to 

t h e i r  metastable s t a t e .  

t h e  c o l l i m a t o r  ( a n  a r ray  of  p a r a l l e l  t u b e s )  w i t h o u t  c o l l i s i o n ,  

it w i l l  a r r i v e  i n  its e x c i t e d  s t a t e  a t  t h e  metal  d e t e c t o r  s u r f a c e ;  

here  t h e  metastable  molecu le  undergoes a r a d i a t i o n l e s s  decay  ( a  

s o - c a l l e d  "Auger P r o c e s s " )  and e j e c t s  a n  e l e c t r o n  from t h e  metal .  

These  e l e c t r o n s  a re  a c c e l e r a t e d  i n t o  a m u l t i p l i e r ,  t h e  o u t p u t  o f  

which i s  a s e r i e s  o f  p u l s e s  at a r a t e  p r o p o r t i o n a l  to t h e  f l u x  o f  

metastable  m o l e c u l e s  t h r o u g h  t h e  a n a l y z e r .  

I f  a metastable  m o l e c u l e  passes t h r o u g h  

At a n  a l t i t u d e  o f  300  k m ,  t h e r e  w i l l  b e  a f l u x  o f  abou t  1 0  1 4  

-1 -2 N2 m o l e c u l e s  s e e  em i n c i d e n t  on t h e  t a r g e t  ( s e e  S e c t i o n  2 ) .  

Suppose t h a t  1% o f  these  are r e f l e c t e d  i n t o  t h e  a n a l y z e r  and bom- 

ba rded  w i t h  l p s e c  p u l s e s  f rom an  e l e c t r o n  gun whose d u t y  c y c l e  

i s  Then, if t h e  p r o b a b i l i t y  f o r  metastable e x c i t a t i o n  

i s  a c c o u n t e d  f o r ,  a b o u t  one i n  e v e r y  1 0  8 N2 m o l e c u l e s  e n t e r i n g  

t h e  a n a l y z e r  w i l l  b e  e x c i t e d  t o  i t s  metastable  s t a t e .  The Auger 

d e t e c t o r  i s  a b o u t  10% e f f i c i e n t ,  s o  a c o u n t i n g  r a t e  o f  1 0  3 / s e e  

i s  e x p e c t e d .  T h i s  i s  ample f o r  t i m e - o f - f l i g h t  a n a l y s i s  by w e l l  

p roven  methods.  

The u s e  o f  a c l u s t e r  o f  TOF a n a l y z e r s  to measure  r e f l e c t e d  

N 2  a t  f i v e  d i f f e r e n t  a n g l e s  i s  shown i n  F i g u r e  1 . 3 .  

e l e c t r o n  gun s e r v e s  f o r  a l l  f i v e  u n i t s .  

Note t h a t  one 
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A system functional block diagram is shown in Figure 1.4. 

1.2.4 Problems from Background 

The following sources of background noise signals have been 

considered: 

I O N S  

The ions and free electronswhich wander into the TOF analyzer 

or which are created by the electron gun are to be kept away from 

the Auger detectors by DC electromagnetic ion traps. These traps 

will have a negligible effect on the neutral, metastable N2. 

PHOTONS 

With the exception of infrequent occurrences when solar 

radiation is reflected into the instrument from the sample surface, 

the Auger detectors are not directly exposed to radiation from 

space, so photon background from this source will not be trouble- 

some. 

also excite optical levels of the molecules which happen to be in 

the bombardment region at the time; these photons will arrive at 

the Auger surface within nanoseconds of the electron pulse time, 

and the detector signal which comes from these photons can be 

used to calibrate the zero-time of the TOF analyzer. 

The pulse of electrons which excites the metastable N2 will 

BACKGROUND MOLECULES 

The metastable time-of-flight analyzer is well adapted to 

discriminating against background molecules because it measures 

11 



b o t h  t h e  d i r e c t i o n  and t h e  speed o f  t h e  incoming p a r t i c l e s . ’  

c o l l i m a t i n g  t h e  m e t a s t a b l e  beam, t h e  i n s t r u m e n t  s e l e c t s  o n l y  

molecu le s  w h i c h  e n t e r  t h e  e l e c t r o n  bombardment r e g i o n  w i t h  t h e i r  

momenta i n  a s p e c i f i e d  d i r e c t i o n  ( p a r a l l e l  to t h e  c o l l i m a t o r  a x i s ) .  

Consequen t ly ,  by o r i e n t i n g  t h e  c o l l i m a t o r  to f a c e  t h e  t a r g e t  

s u r f a c e  unde r  i n v e s t i g a t i o n ,  e s s e n t i a l l y  a l l  metastable m o l e c u l e s  

which s t r i k e  t h e  Auger d e t e c t o r  w i l l  have  come from t h a t  s u r f a c e .  

By 

Because t h e  e l e c t r o n  e x c i t a t i o n  p r o c e s s  p r o d u c e s  p r a c t i c a l l y  

no change i n  t h e  v e l o c i t y  of  t h e  incoming m o l e c u l e s ,  t h e  TOF 

a n a l y s i s  a c c u r a t e l y  measures  t h e  d i s t r i b u t i o n  o f  speeds o f  t h e  

p a r t i c l e s  a r r i v i n g  from t h e  t a r g e t  s u r f a c e .  A s  a r e s u l t ,  t h e  

h i g h  s p e e d  ( 7 5  x 1 0  cm/sec)  component o f  t h e  r e f l e c t e d  f l u x  

s h o u l d  be  r e l a t i v e l y  f r e e  o f  background b e c a u s e  t h e  m o l e c u l e s  

which s t r i k e  t h e  t a r g e t  a f t e r  p r e v i o u s  c o l l i s i o n s  w i t h  t h e  i n s t r u -  

ment w i l l  b e  v e r y  n e a r l y  t h e r m a l i z e d  and  t h e r f o r e  c o n t r i b u t e  o n l y  

to t h e  low speed  p o r t i o n  o f  t h e  da ta .  

4 

# T h i s  c o n t r a s t s  s h a r p l y  w i t h  t h e  a b i l i t i e s  o f  t h e  t i m e - o f - f l i g h t  

mass s p e c t r o m e t e r ,  i n  which i o n s ,  formed by e l e c t r o n  bombardment o f  

a he t e rogeneous  sample  of m o l e c u l e s ,  a r e  a c c e l e r a t e d  t h r o u g h  a 

p o t e n t i a l  d i f f e r e n c e  p .  The r e s u l t i n g  speed o f  a s i n g l y  cha rged  i o n ,  

v=j%pl m i s  i n  no way r e l a t e d  t o  t h e  speed a t  which t h e  o r i g i n a l  

mo lecu le  e n t e r e d  t h e  i o n i z i n g  r e g i o n .  I n  a d d i t i o n ,  p a r t i c l e s  

e n t e r i n g  t h i s  r e g i o n  f rom a l l  d i r e c t i o n s  a re  i o n i z e d  and become p a r t  

o f  t h e  same i o n  beam, s o  t h a t  t h e  i n s t r u m e n t  l a c k s  d i r e c t i o n a l  

r e s o l u t i o n  as w e l l .  Thus,  w h i l e  t h e  TOF mass s p e c t r o m e t e r  i s  w e l l  

a d a p t e d  t o  making c o m p o s i t i o n  measurements ,  i t  i s  u n a b l e  t o  p r o -  

v i d e  i n f o r m a t i o n  on t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  incoming 

p a r t i c l e s .  

12 

I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 



i 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
1 

I n  o r d e r  t o  o b t a i n  mean ingfu l  measurements  on t h e  low speed  

p o r t i o n  o f  t h e  r e f l e c t e d  f l u x ,  t h e  component a r i s i n g  from m u l t i p l y  

r e f l e c t e d  p a r t i c l e s  must be e l i m i n a t e d ,  r e g a r d l e s s  o f  t h e  method 

used  for t h e  v e l o c i t y  a n a l y s i s .  One way to accompl i sh  t h i s  back- 

ground r e d u c t i o n  might  b e  to p l a c e  t h e  t a r g e t  samples  and t h e  

a n a l y z e r  i n s i d e  a c r y o g e n i c a l l y  c o o l e d  e n c l o s u r e ,  such  a s  t h e  

m o l e c u l a r  s i n k  deve loped  by t h e  Ce les t ia l  Resea rch  Company. While 

s u c h  a c o n f i g u r a t i o n  may remove most o f  t h e  background g a s ,  t h e  

samples  would no l o n g e r  be  exposed to t h e  a c t u a l  s p a c e  e n v i r o n -  

ment ,  and t h e  e x p e r i m e n t a l  l i f e t i m e  would be l i m i t e d  by t h e  s t o r a g e  

c a p a c i t y  f o r  t h e  c r y o g e n i c  c o o l a n t s .  



2 .  ATMOSPHERIC ENVIRQNMENT 

I n  o r d e r  t o  p r o v i d e  c o n v e n i e n t  numerical  d a t a  on c o n d i t i o n s  

e n c o u n t e r e d  d u r i n g  t h e  e x p e r i m e n t ,  t a b l e s  of  p a r t i c l e  d e n s i t i e s  

and f l u x e s  have been p r e p a r e d  from a s t a n d a r d  a tmosphe re  ( T a b l e s  

2 . 1  and 2 . 1 1 ) .  The low a l t i t u d e  p o r t i o n s  o f  t h e s e  t a b l e s  a re  

shown g r a p h i c a l l y  i n  F i g u r e s  2 . 1  and 2 . 2 .  

The d e n s i t i e s  and f l u x e s  o f  N2, 02 ,  0 and t h e  t o t a l s  a re  

t a b u l a t e d  f o r  e a c h  minu te  of a h a l f  o r b i t ;  t h e  p roposed  ODYSSEY 

o r b i t  w i t h  an apogee  o f  2 ,000 k m  and a p e r i g e e  o f  2 0 0  k m  h a s  

been  u s e d .  S a t e l l i t e  a l t i t u d e  and v e l o c i t y  a re  a l s o  i n d i c a t e d .  

A l l  a t m o s p h e r i c  p a r a m e t e r s  have been  t a k e n  from t h e  C I R A  1965 

r e f e r e n c e  a tmosphere ,  Model 4 .  

T a b l e  2 . 1  and  F i g u r e  2 . 1  have been  made from p a r a m e t e r s  f o r  

0 4 0 0  h o u r s .  Tab le  2 . 1 1  and F i g u r e  2 . 2  have been  made from 

p a r a m e t e r s  f o r  1 4 0 0  h o u r s .  Consequen t ly ,  t h e  two s e t s  o f  d a t a  

p r o v i d e  r e s u l t s  for t h e  ex t r eme  d i u r n a l  e x o s p h e r i c  t e m p e r a t u r e s  

e n c o u n t e r e d  d u r i n g  one e q u a t o r i a l  o r b i t .  

14 
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Figure 2.1 Fluxes of major atmospheric constituents to a 
satellite in proposed ODYSSEY orbit for 0400 
hours local time. 
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Figure 2.2 Fluxes of major atmospheric constituents to a 
satellite in proposed ODYSSEY orbit for 1400 
hours local time. 
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3. TIME-OF-FLIGHT (TOF) ANALYSIS OF VELOCITY DISTRIBUTION 

3 . 1  I N T R O D U C T I O N  AND ASSUMPTIONS 

Given a beam o f  n e u t r a l  p a r t i c l e s  w i t h  a r b i t r a r y  v e l o c i t y  

d i s t r i b u t i o n  and a b u r s t  o f  e l e c t r o n s  f o r  e x c i t a t i o n ,  t h e  problem 

a t  hand i s  t o  d e t e r m i n e  t h e  m e t a s t a b l e  p a r t i c l e  f l u x  a t  a down- 

stream d e t e c t o r  as a f u n c t i o n  o f  t i m e .  Once t h i s  h a s  been  done ,  

t h e  e x p e r i m e n t a l  problem of  d e t e r m i n i n g  t h e  v e l o c i t y  d i s t r i b u t i o n  

from t h e  m e t a s t a b l e  p a r t i c l e  f l u x  can  b e  d i s c u s s e d .  

The geometry t o  be c o n s i d e r e d  i s  shown i n  F i g u r e  3 .1 .  

The a n a l y s i s  i s  based on t h e  f o l l o w i n g  a s s u m p t i o n s :  

(1) The metastable l i f e t i m e  i s  i n f i n i t e  ( n o  metastable  

decay  o c c u r s  o v e r  r e l e v a n t  t i m e  i n t e r v a l s ) ;  

( 2 )  The f r a c t i o n  o f  t h e  n e u t r a l  beam which i s  m e t a s t a b i l i z e d  

i s  n e g l i g i b l e  ( t h e  n e u t r a l  p a r t i c l e  d e n s i t y  i s  c o n s t a n t  

o v e r  t h e  r e g i o n  o f  e x c i t a t i o n ) ;  

I I 
' I  I ELECTRONS I 

NEUTRALS 

YETASTABLES - 

- 8W ---I + 
v 

F i g u r e  3 . 1  Geometry o f  n e u t r a l  stream and e l e c t r o n  beam. 
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( 3 )  The e l e c t r o n  d e n s i t y  i s  un i fo rm o v e r  t h e  c r o s s - s e c t i o n  

o f  t h e  e l e c t r o n  beam; 

(4) The e l e c t r o n  p u l s e  i s  r e c t a n g u l a r  i n  t i m e  ( z e r o  r i s e  

and  f a l l  t imes; c o n s t a n t  o v e r  a n  i n t e r v a l  T). 

( 5 )  The m e t a s t a b l e  p a r t i c l e s  a re  u n d e f l e c t e d  by t h e  e l e c t r o n  

bombardment (no  r e c o i l  o c c u r s ) .  

A s  w i l l  be s e e n ,  t h e s e  a s s u m p t i o n s ,  a l o n g  w i t h  c e r t a i n  

r e a s o n a b l e  p h y s i c a l  r e q u i r e m e n t s ,  l e a d  t o  a n  e x t r e m e l y  s i m p l e  

i n t e r p r e t a t i o n  of t h e  d e t e c t e d  metastable  flux. The e f f e c t s  o f  

d e v i a t i o n s  from t h e s e  s i m p l e  a s sumpt ions  on t h i s  i n t e r p r e t a t i o n  

a r e  d i s c u s s e d  i n  S e c t i o n s  3 .5  and 3 . 6 .  

3 . 2  RESPONSE TO A MONOENERGETIC NEUTRAL BEAM 

A s  a f o u n d a t i o n  for t h e  development ,  c o n s i d e r a t i o n  i s  f i r s t  

g i v e n  to an  e l e m e n t a l  volume SV o f  t h e  n e u t r a l  beam (see  F i g u r e  3 . 1 )  

6V = D6Q 

=Db 6W 

as it  d r i f t s  w i t h  i t s  p a r t i c l e s  (assumed t o  have s p e e d  v )  a c r o s s  

t h e  e l e c t r o n  beam. 

If one e l e c t r o n  p e r  second c r o s s e s  6a, and i f  one  n e u t r a l  

P a r t i c l e  w i t h  e x c i t a t i o n  c r o s s - s e c t i o n  6" r e s ides  i n  6V, t h e n  

t h e  p r o b a b i l i t y  o f  e x c i t a t i o n  p e r  u n i t  t i m e  w i l l  be r*/ 6a, o r ,  

s t a t e d  a n o t h e r  w a y ,  cr * / & a  metastables w i l l  be produced  p e r  s econd .  

If t h e r e  a re  Nn n e u t r a l  p a r t i c l e s  i n  6V, and $e e l e c t r o n s  c r o s s  

6 Q  p e r ,  s e c o n d ,  t h e n  t h e  t o t a l  number of metastables produced  

d u r i n g  a t i m e  i nc remen t  d t  w i l l  be  

22 



* U *  d N  = N X - d t  n e 6Q 

by u t i l i z i n g  t h e  f a c t s  t ha t  

N = n  6V n 0 

- 
where n i s  t h e  n e u t r a l  p a r t i c l e  d e n s i t y ,  i t h e  e l e c t r o n  c u r r e n t ,  

and  e t h e  e l e c t r o n i c  c h a r g e ,  t h e  above becomes 
0 I 

I 
i 

* i- 6 a  a *  d t ,  
dil = n  6V--- 

0 e a 6 a  

D i v i d i n g  by 6 V  y i e l d s  t h e  increment  i n  t h e  metastable d e n s i t y  

By i n t e g r a t i n g  o v e r  t h e  t i m e  t ha t  t h e  volume e l emen t  i n  q u e s t i o n  I 
r e m a i n s  i n  t h e  e l e c t r o n  beam, t he  r e s u l t i n g  metastable d e n s i t y  i s  

found  t o  be  
* 

n = B t  
i- u* 6 = - -  
e a n o  

where 

I and t r e p r e s e n t s  t h e  t i m e  t h a t  6V has been  exposed  t o  t h e  e l e c t r o n  

beam. With  t h i s  r e s u l t  i t  i s  now p o s s i b l e  to d e t e r m i n e  t h e  t e m -  

p o r a l  b e h a v i o r  of t h e  metastable p a r t i c l e  d e n s i t y  a t  any p o s i t i o n  

a l o n g  t h e  emerging stream. 

I 
I 

An i m p o r t a n t  p a r a m e t e r  f o r  t h e  f o l l o w i n g  d i s c u s s i o n  i s  t h e  

t r a n s i t  t i m e ,  T ,  o f  a n e u t r a l  p a r t i c l e  a c r o s s  t h e  e l e c t r o n  beam: I 
I W T = -  

V 

1 The d e s c r i p t i o n  o f  t h e  emerging metastable d e n s i t y  depends on 

whe the r  t h i s  q u a n t i t y  i s  g r e a t e r  t h a n  or l e s s  t h a n  t h e  t i m e  i n t e r -  

v a l ,  T ,  o v e r  which t h e  e l e c t r o n  beam i s  f i r e d .  The f i r s t  c a s e  

( T  T ) c o r r e s p o n d s  t o  "slow" p a r t i c l e s .  Here, some p a r t i c l e s  

I 
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r ema in  i n  t h e  e l e c t r o n  beam o v e r  i t s  f u l l  f i r i n g  i n t e r v a l ;  f o r  

t hese ,  t h e  maximum p o s s i b l e  metastable d e n s i t y ,  B T ,  i s  a c h i e v e d .  

I n  t h e  second  case,  no p a r t i c l e s  l i n g e r  i n  t h e  e l e c t r o n  beam f o r  

i t s  f u l l  d u r a t i o n ,  s o  t h e  grea tes t  metastable  d e n s i t y  p o s s i b l e  i s  

o n l y  B t  (t < T ) .  By u t i l i z i n g  t h e  d e f i n i t i o n  of T ,  and a d o p t i n g  

t h e  c o n v e n t i o n  t h a t  a l l  t imes  a re  measured from t h e  i n s t a n t  a t  

which t h e  e l e c t r o n  beam i s  t u r n e d  on ,  t h e  metas tab le  d e n s i t y  a t  

a c o l l e c t o r  l o c a t e d  a d i s t a n c e  L f rom t h e  edge o f  t h e  e l e c t r o n  

beam may b e  e x p r e s s e d  i n  t h e  f o l l o w i n g  way: 

( s l o w  n e u t r a l s )  W 
v < -  

T 

0 
L t - -  
V 

T 

- L+w + T-t 
V 

v > -  ( f a s t  n e u t r a l s )  
T 

0 

L t - -  
V 

W - 

0 I 
24 

0 - t - -  < < L  
V 

L <  < L  - - t - T + -  
V V 

< L+W t - -  L <  
T + - -  

V V 

L + W <  < L+W - t - T+- 
V V 

< 
t < m  

L.+ w -  
T +  

V 

< < L  0 - t - -  
V 

< L 
t - T + -  

V V 
L+W < - -  

t < m  
L+W < 

T + - -  
V 



L I n  t hese  e x p r e s s i o n s  t h e  term 7 a c c o u n t s  f o r  t h e  t i m e  t h e  p a r t i c l e s  

t a k e  to d r i f t  from t h e  e l e c t r o n  b e a m  t o  t h e  c o l l e c t o r .  M u l t i p l y i n g  

t h e s e  r e l a t i o n s  by v y i e l d s  a t  once  t h e  metastable  f l u x  d e n s i t y  a t  

t h e  c o l l e c t o r  as a f u n c t i o n  of t i m e :  

F* ( t )  = n* ( t )  v 

The t o t a l  number o f  m e t a s t a b l e s  s t r i k i n g  u n i t  area o f  t h e  c o l l e c t o r  

i s  o b t a i n e d  by i n t e g r a t i n g  t h i s  e y p r e s s i o n  o v e r  all t i m e :  

N8 = l z d t  F * ( t )  

= B W T  

The a b s e n c e  o f  some measure of t h e  p a r t i c l e  s p e e d  i n  t h i s  r e s u l t  

may a t  f i r s t  seem s u r p r i s i n g .  It a r i s e s  from t h e  f a c t  t h a t  t h e  

t o t a l  number o f  m e t a s t a b l e s  produced i n  a g i v e n  t i m e  i n c r e m e n t  

depends  o n l y  on t h e  n e u t r a l  d e n s i t y ,  n o t  on t h e  speed  a t  which 

t hese  p a r t i c l e s  p a s s  t h r o u g h  the  e l e c t r o n  beam. 

By u s i n g  t h e  above r e s u l t ,  a n o r m a l i z e d  metastable f l u x  den- 

s i t y  can  b e  c o n v e n i e n t l y  d e f i n e d  by 

More e x p l i c i t l y  : 

0 1 v t - L  

0 ! 

W v < - ( s l o w  n e u t r a l s )  
T 

0 - t - -  < < L  
V 

L L - - t - -  

L < < L+W r + -  - t - -  

< < 

V V 

V V 

L +  W - 
V 

< - t < - L+W 
T +- 

V 

L+W < 
T + -  - t < m  

V 
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1 f * ( t  )=q7: 

( f a s t  n e u t r a l s )  W 
V > -  

T 

0 

v t - L  

W 

L+W+vT-vt 

0 

< < L  0 - t - -  
V 

- - t - -  L < < L+W 
V V 

< < L  L+W - t - T + -  - V 
V 

< L+W t - - c + -  L <  T + - -  
V V 

T + - -  L+w < t < m 
V 

The s i g n i f i c a n c e  of such  a n o r m a l i z e d  f l u x  i s  t h a t  i t  p r o v i d e s  

t h e  " f l u x "  d i s t r i b u t i o n  a s s o c i a t e d  w i t h  a s i n g l e  metas tab le  p a r t i c l e .  

Consequen t ly ,  a c t u a l  c o u n t i n g  r a t e s  can  be  o b t a i n e d  s imply  by 

s c a l i n g  to t h e  t o t a l  number o f  m e t a s t a b l e s  i n  t h e  beam. 

3 . 3  RESPONSE TO A NEUTRAL BEAM WITH ARBITRARY DISTRIBUTION OF 

PARTICLE SPEEDS 

I n  t h e  f o l l o w i n g  d i s c u s s i o n  i t  w i l l  b e  u s e f u l  to c o n s i d e r  

t h e  e l e c t r o n  beam as t h e  s u p e r p o s i t i o n  o f  two h y p o t h e t i c a l  beams.  

A t  t i m e  t=O a n  " e x c i t i n g "  beam i s  t u r n e d  on ,  t o  be l e f t  r u n n i n g  

i n d e f i n i t e l y .  At t i m e  t= . r ,  a " d e e x c i t i n g "  beam, assumed to produce  

" a n t i - m e t a s t a b l e "  p a r t i c l e s  w i t h  t h e  same e f f i c i e n c y  as t h e  p r e -  

v i o u s  beam produces  metastables ,  i s  t u r n e d  on ,  a l s o  to b e  l e f t  

r u n n i n g  i n d e f i n i t e l y .  The s u p e r p o s i t i o n  o f  t h e s e  beams i s  t h e n  

e q u i v a l e n t  t o  no beam a t  a l l  a f t e r  t = T .  The u t i l i t y  o f  t h i s  

approach  i s  t h a t  o n l y  t h e  r e s p o n s e  to t h e  f i r s t  c a s e  (which  i s  

r e l a t i v e l y  s i m p l e )  need b e  d e t e r m i n e d ,  s i n c e  t h e  t o t a l  r e s p o n s e  

i s  t h e n  o b t a i n e d  by  s u b t r a c t i n g  from t h i s  t h e  same r e s u l t  s h i f t e d  

i n  t i m e  by T .  
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Suppose t h a t  t h e  f r a c t i o n  o f  t h e  n e u t r a l  p a r t i c l e s  h a v i n g  

speeds w i t h i n  dv cf' v i s  giver! by g ( v >  dvi Then g ( v )  s a - t i s f i e s  

t h e  r e l a t i o n  

Momentar i ly  p a r a l l e l i n g  t h e  development o f  S e c t i o n  3 . 2 ,  c o n s i d e r -  

a t i o n  i s  g i v e n  to a small  volume e l emen t  BV, weigh ted  by t h e  f a c t o r  

g ( v ) d v ,  f o r  e a c h  small  increment  d v  o f  p a r t i c l e  speeds.  

If o n l y  t h e  e x c i t i n g  beam, which i s  l e f t  on i n d e f i n i t e l y ,  

i s  c o n s i d e r e d ,  a l l  n e u t r a l  p a r t i c l e s  w i l l  be  " f a s t " ,  and t h e  

metastable  d e n s i t y  a t  t h e  c o l l e c t o r  f o r  p a r t i c l e s  w i t h i n  dv  o f  v 

c a n  be  w r i t t e n  a t  once :  

d n * ( v , t )  = 6 g ( v >  T ( v , t >  dv 

where 

t 

=[ 

0 

L - -  
V 

W 
v 
- 

o - t < -  < L 
V 

L+W t < -  L <  - -  
V V 

< 
L+W - t < 03 

V 

M u l t i p l y i n g  by  v and  i n t e g r a t i n g  o v e r  a l l  p o s s i b l e  s p e e d s  

p r o v i d e s  t h e  metastable f l u x  a t  t h e  c o l l e c t o r  due to t h e  e x c i t i n g  

beam: 

= 6  H ( t ; L , W )  

where 
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By using the superposition principle, the metastable flux due t c  

the actual electron beam is 

F*(t,T;L,W) = B{H(t;L,W) - e(t-T) H(t-T;L,W)) 

where 0 is the unit step function 

x < o  
x > o  

Integrating this result over all time yields 

N* = 6W-r G V  g(V> 

= B W T  

as before. Thus, the normalized metastable flux density is given 

by 
1 
N" f*(t,T;L,W) = - F*(t,T;L,W) 

3.4 THE DRIFTING MAXWELLIAN GAS 

A particular case which is of interest for the proposed exper- 

iment is the drifting Maxwellian gas. Here the velocities of the 

neutral gas particles obey the Maxwellian distribution law in a 

frame in which the gas is macroscopically at rest. The inclusion 

of a macroscopic drift term allows a description of the ambient 

gas flux to an instrument mounted on the satellite. Any totally 

thermalized portion of the gas reflected f rom a specimen target 

surface can be investigated by considering the limiting case of 

zero drift. 

As a model for the following discussion, consider a right 

handed coordinate system with origin located at the orifice of the 
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instrument (Figure 3.2). 

along the orifice inner normal E. 

toward the orifice with macroscopic drift velocity v .  which makes an 
angle $ with 6. The vectors and define the xz-plane, which is 

also taken as the plane of zero azimuth for a spherical coordinate 

system. The azimuthal angle 4 is measured from the x-axis, while 

the polar angle 9 is measured from the z-axis. 

The z-axis is directed into the instrument, 

The ambient Maxwellian gas moves 

A particle drifting through the orifice has velocity w in the 
rest frame of the gas, and velocity in the frame of the orifice. 

X 

\ I '\ \ 

Figure 3.2 Velocity vectors and coordinate systems for discussion 
of drifting Maxwellian gas. 
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These q u a n t i t i e s  a r e  r e l a t e d  b y  

from which i t  f o l l o w s  t h a t  

w 2  = v2 - 2 v ~  c 3 s a  + v2 
2 2 

= (v-v c o s a ) 2  t v s i n  a 

where c1 i s  t h e  a n g l e  between v and 8 .  C o n s e q u e n t l y ,  t h e  e x p o n e n t i a l  

t e r m  i n  t h e  Maxwellian d i s t r i b u t i o n  becomes 

v-V c o s  c1 2 1 2 V s i n  c1 2 
2 C 

1 - (  
W 

C 
- (  

e = e  e 

- -  
C 

where c i s  t h e  most p r o b a b l e  thermal  s p e e d  o f  t h e  p a r t i c l e s .  

Suppose now t h a t ,  s e e n  from t h e  o r i f i c e ,  t h e  c o l l e c t o r  o f  t h e  

i n s t r u m e n t  s u b t e n d s  s o l i d  a n g l e  d o  i n  t h e  d i r e c t i o n  i n d i c a t e d  by 

p o l a r  and a z i m u t h a l  a n g l e s  0 and @ r e s p e c t i v e l y .  The u n i t  v e c t o r s  

d e s c r i b i n g  t h e  o r i e n t a t i o n s  of and 7 a re  t h e n  g i v e n  by  

h 

V = ( s i n $ ,  0 ,  C O S - ! ! )  

C = ( s i n 8  cos  4 ,  s i n e  s i n  4 ,  c o s 6  ) 

s o  t h a t  
h ,. 

c 2 s a - V ' V  

= c o s  31/ cas  Q t s i n  s i n  Q c o s  @ .  

I n  t h e  s p h e r i c a l  c o o r d i n a t e  sys t em ( v ,  e ,  0) t h e  d i s t r i b u t i o n  

o f  p a r t i c l e s  i n  d o  and w i t h i n  gv o f  v i s  p r o p o r t i o n a l  to 
,. W - -  
2 

dv dw. 2 C v e  



Accordingly, the normalized speed distribution function is 

v-v cos a 2 1 2 v2 e - (  c 
3 g(v> = 

c N ( 5  cas a )  

where, by direct integration, it is found that 

v and s = - is the speed ratio. C 

Inserting these expressions in the relation for H and carrying 

o u t  the integration gives 

v-v cos c1 2 1 
(vt-L) C 3 /F dv Y 2 e - (  c - N(s COS a )  H(t ;L ,W)  = 2 

v-v cos a 2 
) - (  c dv v2 e 

t 

4 

2 where 
2 - b y >  

G,(x,Y) = ( l + y  e 

+e [y(3+2y2) - x(1+2y2)] erfc (x-y). 2 



Consequen t ly ,  t h e  n o r m a l i z e d  metastable  f l u x  d e n s i t y  i s  g i v e n  b y  

Computer e v a l u a t i o n  o f  t h i s  e x p r e s s i o n  f o r  v a l u e s  o f  t h e  p a r a m e t e r s  

i n  t h e  r a n g e  of  i n t e r e s t  y i e l d s  t h e  r e s u l t s  shown i n  F i g u r e s  3 . 3  and 

3 . 4 .  

An i n t e r e s t i n g  phenomenon can  b e  d i s c u s s e d  upon r e f e r r i n g  

to F i g u r e  3 . 4 .  I n  a Maxwell ian g a s  m a c r o s c o p i c a l l y  a t  r e s t ,  t h e  

peak  of  t h e  d i s t r i b u t i o n  f u n c t i o n  i s  known to o c c u r  a t  v=c .  I n  t h e  

i n s t r u m e n t  under  c o n s i d e r a t i o n ,  t h i s  peak  c o r r e s p o n d s  to a t i m e  

o f  f l i g h t  t=-; f o r  e a c h  c u r v e  o f  t h e  f i g u r e ,  t h i s  t i m e  i s  i n d i c a t e d  

b y  a c r o s s  n e a r  t h e  c o r r e s p o n d i n g  p e a k .  It i s  o b s e r v e d  t h a t  e v e r y  

f l u x  c u r v e  peaks  much e a r l i e r  t h a n  t h i s  t i m e  ( e a r l i e r ,  a l s o ,  t h a n  

t h e  t i m e  o f  f l i g h t  c o r r e s p o n d i n g  t o  t h e  r . m . s .  s p e e d ) .  That  t h i s  

" e a r l y  p e a k i n g "  i s  a normal  o c c u r e n c e  can  b e  s e e n  i n  t h e  f o l l o w i n g  

w a y .  

L 
C 

For s i m p l i c i t y ,  c o n s i d e r  a f l a t  d i s t r i b u t i o n  f u n c t i o n ,  

f o c u s i n g  a t t e n t i o n  on p a r t i c l e s  i n  two s m a l l  i n t e r v a l s  o f  i d e n t i c a l  

w i d t h  Av a b o u t  two d i f f e r e n t  s p e e d s  ( F i g u r e  3 . 5 ) .  I f  t h e  t i m e  f o r  

one such  "packe t "  to t r a v e l  to t h e  c o l l e c t o r  i s  t ,  i t  w i l l  d i s p e r s e  

s p a t i a l l y  to a l e n g t h  l = t A v .  The t i m e  i n c r e m e n t  o v e r  which t h i s  

e x t e n d e d  p a c k e t  a c t u a l l y  s t r i k e s  t h e  c o l l e c t o r  w i l l  t h e n  b e  A t = - .  
A 1  
V 
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+ F A V  - V (CM/SEC) 

Figure 3.5 Simplified velocity distribution for discussion 
of shift in flux intensity peak relative to peak 
of velocity distribution. 
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S i n c e  t h e  t r a n s i t  t i m e  to t h e  c o l l e c t o r  i s  t = L / v ,  i t  f o l l o w s  t h a t  

A t - -  -LAv  from which  it i s  s e e n  t h a t  t h e  p a r t i c l e s  i n  t h e  f a s t e r  p a c k e t  

w i l l  s t r i k e  t h e  c o l l e c t o r  o v e r  t h e  s h o r t e r  i n t e r v a l ,  i . e . ,  t h e  f l u x  
2 

V 

d e n s i t y  i s  g r e a t e r .  It i s  n o t e d  t h a t  t h i s  c o n d i t i o n  w i l l  r ema in  

t r u e  even  i f  one f a c t o r  of  - i s  removed t o  a c c o u n t  f o r  t h e  v e l o c i t y  

dependent  e x c i t a t i o n  p r o c e s s .  

1 
V 

3 . 5  A USEFUL A P P R O X I M A T I O N  

Two f a c t o r s  s t r o n g l y  compel s i m p l i f i c a t i o n  o f  t h e  p r e v i o u s l y  

o b t a i n e d  r e s u l t s .  F i r s t ,  t h e  complex i ty  o f  t h e  f l u x  e x p r e s s i o n ,  

even  f o r  t h e  s i m p l e  Maxwell ian c a s e ,  o b s c u r e s  t h e  n a t u r e  o f  t h e  

d i s t r i b u t i o n  f u n c t i o n  a l m o s t  e n t i r e l y .  Second,  and more i m p o r t a n t ,  

t h e  e x p e r i m e n t a l  p roblem i s  e s s e n t i a l l y  the i n v e r s e  o f  t h a t  s o  f a r  

c o n s i d e r e d :  to i n f e r  t h e  d i s t r i b u t i o n  f u n c t i o n  o f  t h e  n e u t r a l  gas 

from t h e  t empora l  b e h a v i o r  o f  t h e  m e t a s t a b l e  f l u x .  

With a v a i l a b l e  e x p e r i m e n t a l  t e c h n i q u e s  it is p o s s i b l e  to 

d e s i g n  a s y s t e m  i n  which - < <  1 and < <  1 for a l l  mean ingfu l  t imes  

( f o r  example:  W = O . 1  em, L=20cm, ~ = 1  1 ~ .  see g i v e  a t r a n s i t  t i m e  o f  

W 
L t 

6 2 0  p s e e  f o r  a p a r t i c l e  w i t h  s p e e d  v=10 cm/sec . )  C o n s i d e r ,  t he re -  

f o r e ,  an  expans ion  i n  which t hese  r a t i o s  are t r e a t e d  as small  

q u a n t i t i e s .  

I n  s e c t i o n  3 . 3  t h e  metastable f l u x  d e n s i t y  was found to b e  

where 

r "  
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By p r o c e e d i n g  f o r m a l l y ,  H ( t - T , L , W )  may be  w r i t t e n  as 

T~ a 2 H ( t ; L , W )  +- 2 + RH a t 2  

where RH i s  t h e  r ema inde r  t e rm.  

a b o u t  W=O y i e l d s  

S i m i l a r l y ,  expand ing  F*(t ,T;L,W) 

+- W2 2 a 2 F * ( t y r ; L , 0 )  . :.2 + RF.  

1 
1 
11 
1 
8 
I 
8 
I 
I 
I 

From t h e  d e f i n i t i o n  o f  H ,  F*(t ,T;L,O) v a n i s h e s  i d e n t i c a l l y ,  and t h e  

above  e x p r e s s i o n s  may be combined to g i v e  

I -  a 2 H ( t ; L , 0 )  W 2 7  h3H(t;L,0) 
dWdt a w 2 a t  

F*(t ,T;L,W) = B { W T  

I - W T ~  d3H(t;L,0) t W-rRFH 
d W3t2 2 

E v a l u a t i n g  t h e  i n d i c a t e d  d e r i v a t i v e s  by u s i n g  t h e  d e f i n i t i o n  o f  

H ( t ; L , W )  and d i v i d i n g  b y  @ W T  p r o v i d e s  t h e  n o r m a l i z e d  m e t a s t a b l e  

f l u x  d e n s i t y  e x p l i c i t l y  i n  te rms  o f  t h e  d i s t r i b u t i o n  f u n c t i o n :  
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where t h e  prime d e n o t e s  d i f f e r e n t i a t i o n  w i t h  r e s p e c t  to t h e  a rgu -  

ment .  

Fo r  pu rposes  o f  data  r e d u c t i o n  i t  i s  e x t r e m e l y  d e s i r a b l e  t o  

s u p p r e s s  t h e  g' and h i g h e r  o r d e r  t e rms ,  s i n c e  t h e  l e a d i n g  term i s  

a d i r e c t  measure of  t h e  d i s t r i b u t i o n  f u n c t i o n .  C l e a r l y ,  t h e  most 

s t r a i g h t f o r w a r d  way  to accompl i sh  t h i s  s u p p r e s s i o n  i s  by making L 

as l a r g e  as p o s s i b l e .  
any g i v e n  v ,  t b e c o m e s  small  as w e l l ,  s i n c e  t h e  t r a n s i t  t i m e  i s  

t=L. 

W By d o i n g  s o ,  n o t  o n l y  i s  - L small ,  b u t  f o r  
T 

I n  t h i s  l i m i t ,  t h e  f l u x  d e n s i t y  i s  g i v e n  b y  t h e  z e r o t h  o r d e r  
V 

t e r m  

which c o r r e s p o n d s  t o  t h e  f l u x  r e s u l t i n g  from an  i n s t a n t a n e o u s  ex- 
c i t a t i o n  of p a r t i c l e s  i n  a n  i n f i n i t e s i m a l l y  t h i n  s l i c e  of  t h e  

n e u t r a l  beam ( i t  i s  n o t e d  t h a t  f o r  t h e  Maxwel l ian  c a s e ,  t h i s  r e s u l t  

p r e d i c t s  a peak  at t=p c, i n  good agreement  w i t h  t h e  p r e v i o u s l y  

d i s c u s s e d  c u r v e s  of F i g u r e  3 . 4 .  A more p h y s i c a l  d e r i v a t i o n  o f  t h e  

1 L  

l i m i t i n g  r e s u l t  i s  g i v e n  i n  t h e  append ix .  

Comparison o f  t h e  above a p p r o x i m a t i o n  ( t h e  z e r o t h )  w i t h  

W t h e  n e x t  o r d e r  approx ima t ion  ( u p  to terms o f  o r d e r  

p o i n t s  f rom t h e  e x a c t  r e s u l t  f o r  a n  ex t r eme  Maxwell ian c a s e  

and t), and 

b ( c  = 1 0  

t h e  z e r o t h  o r d e r  t e r m  i s  q u i t e  a good a p p r o x i m a t i o n  to t h e  a c t u a l  

c u r v e .  

cm/sec or T= 11,6OO0K) i s  g i v e n  i n  F i g u r e  3 . 6 .  Even h e r e ,  

D e s i g n i n g  the  expe r imen t  a round  t h i s  e x p r e s s i o n  has t h e  

a d d i t i o n a l  advan tage  o f  a l l o w i n g  s i g n i f i c a n t  r e l a x a t i o n  o f  assump- 

t i o n s  1, 3, and 4 o f  s e c t i o n  3 . 1  ( a s s u m p t i o n  5 i s  d i s c u s s e d  i n  I 

s e c t i o n  3 . 6 ) .  I n  p a r t i c u l a r ,  as l o n g  as t h e  f i r i n g  t i m e  T i s  small 
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r e l a t i v e  to t h e  metastable  l i f e t i m e  T metastable  decay  can  b e  

accoun ted  f o r  by  t h e  s i m p l e  f a c t o r  e . F u r t h e r ,  s i n c e  t h e  

s p a t i a l  e x t e n t  o f  t h e  e x c i t i n g  r e g i o n  d o e s  n o t  e n t e r  t h e  above 

r e s u l t ,  t h e  u n i f o r m i t y  o f  e l e c t r o n  d e n s i t y  t h r o u g h  t h i s  r e g i o n  

i s  i m m a t e r i a l .  S i m i l a r l y ,  t h e  e x a c t  p u l s e  shape i s  a l s o  unim- 

p o r t a n t .  These last two c o n s i d e r a t i o n s  j u s t i f y  t h e  u s e  of  a 

r e l a t i v e l y  u n s o p h i s t i c a t e d ,  and t h e r e f o r e  s i m p l e ,  e l e c t r o n  gun .  

-#? T m 

3.6 RECOIL EFFECTS 

I n  S e c t i o n s  3 . 1  t h r o u g h  3 . 5 ,  t h e  i n v e s t i g a t i o n  o f  t h e  meta- 

s t a b l e  f l u x  has been  conduc ted  on t h e  a s s u m p t i o n  tha t  t h e  meta- 

s t a b l e s  a r e  n o t  d e f l e c t e d  d u r i n g  t h e  e x c i t a t i o n  p r o c e s s  (assump- 

t i o n  5 ,  S e c t i o n  3 . 1 ) .  It w i l l  now b e  shown t h a t  t h i s  a s sumpt ion  

may n o t  a l w a y s  be j u s t i f i e d ,  buL t h a t  g e n e r a l l y  t h e  r e s u l t i n g  

e f f e c t s  a r e  small and can  b e  a c c o u n t e d  f o r  by a p p l y i n g  a v e l o c i t y  

dependent  c o r r e c t i o n  t o  t h e  t i m e  o f  f l i g h t  data .  

The b e h a v i o r  of  a n e u t r a l  mo lecu le  u n d e r g o i n g  e x c i t a t i o n  

by e l e c t r o n  bombardment i s  governed  by t h e  c o n s e r v a t i o n  laws f o r  

momentum and ene rgy ,  w r i t t e n  r e s p e c t i v e l y  

MYo + muo = M v  + m u  

2 Mv mu 
+ - - -  0 -  + -  + h v *  

mu 
MvO 
2 2 2 2 

Here 

M = m o l e c u l a r  mass 

v = i n i t i a l  m o l e c u l a r  v e l o c i t y  

v = f i n a l  metastable v e l o c i t y  

- 
0 

- 

m = e l e c t r o n  mass 
40 



Under t h e  c o n d i t i o n s  of  t h e  expe r imen t  t h e  incoming e l e c t r o n  

v e l o c i t y  Go may b e  c o n s i d e r e d  g i v e n ;  metastable  v e l o c i t i e s  ? 

are measured by t h e  t i m e  o f  f l i g h t  a n a l y z e r .  The p r e s e n t  problem 

i s  to i n f e r  t h e  i n i t i a l  n e u t r a l  p a r t i c l e  v e l o c i t i e s  ? from t h e  

above q u a n t i t i e s .  To t h i s  end,  i - c  i s  u s e f u l  to r ewr i t e  t h e  

c o n s e r v a t i o n  laws, i s o l a t i n g  t h e  knowns and unknowns: 

0 

- - - v - p u = v -  P Eo a ,  
0 

2 2 2 2 2hw* a a 2 v - p u  = v  - P u g  + -  - 
0 M 

< <  1 i s  t h e  e l e c t r o n - n e u t r a l  mass r a t i o .  A s  d e f i n e d  
2 - Fi w h e r e  P = 

b y  these  e q u a t i o n s ,  t h e  q u a n t i t i e s  B and a a re  known. Note t h a t  

ct2 c an  b e  n e g a t i v e .  

The above r ea r r angemen t  o f  t h e  momentum l a w  p r o v i d e s  t h e  

v e c t o r  t r i a n g l e  shown i n  F i g u r e  3 . 7 .  

F i g u r e  3 . 7  V e c t o r  r e p r e s e n t a t i o n  o f  momentum c o n s e r v a t i o n  l a w  
showing imposed c o o r d i n a t e  s y s t e m s .  
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- 
I n  t h e  f i g u r e ,  0 i s  t h e  a n g l e - b e t w e e n  vo and B ,  and 4 i s  t h e  

a n g l e  between t h e  p l a n e  o f  t h e  t r i a n g l e  and t h e  xy p l a n e  of  a 

r igh t -handed  c o o r d i n a t e  sys t em w i t h  o r i g i n  a t  t h e  t a i l  of E. 
According  t o  t h e  c o s i n e  law f o r  t r i a n g l e s ,  t h e  q u a n t i t i e s  

i n  F i g u r e  1 obey t h e  r e l a t i o n  

p2u2 = v + B2 - 2B v -  c o s  O 
0 0 

S o l v i n g  t h e  energy  e q u a t i o n  f o r  u2u2 and . d e f i n i n g  n o r m a l i z e d  

C a r t e s i a n  c o o r d i n a t e s  by t h e  e q u a t i o n s  

V 
- O c o s  0 B 

V 
O s i n  o c o s  4 Y 

B B  
y = - =  - 

V 
s i n  O s i n  4 Z 0 = - =  - 

B B  

make i t  p o s s i b l e  to r e d u c e  t h e  above r e l a t i o n  to 

T h i s  e q u a t i o n  d e s c r i b e s  a s p h e r e  c e n t e r e d  on t h e  l i n e  B b u t  a t  

a p o i n t  a f r a c t i o n a l  d i s t a n c e  - ’ beyond t h e  t i p  o f  t h e  v e c t o r .  
1-?J 

It can  b e  shown t h a t  t h e  c o m p l i c a t e d  q u a n t i t y  i n  t h e  r a d i c a l  i s  

p o s i t i v e  f o r  a l l  v a l u e s  o f  ci2 and B which c o r r e s p o n d  to meta- 

s t ab le  e x c i t a t i o n .  

The i n t e r p r e t a t i o n  o f  t h i s  r e s u l t  i s  f a c i l i t a t e d  by r e fe r -  

ence  to F i g u r e  3 . 8 .  

4 2  



. .  

I ', 

OUTGOING 
ELECTRON 

OUTGO1 N G  
M E T A S T A B L E  

PU. 

CONTRIBUTING 
S P H E R E  

lNCl DENT 
ELECTRON 

F i g u r e  3 . 8  V e c t o r  d i ag ram for i n c i d e n t  and o u t g o i n g  p a r t i c l e s ,  

showing r ange  of incoming m o l e c u l a r  v e l o c i t i e s  v 
( t h o s e  t e r m i n a t i n g  on t h e  c o n t r i b u t i n g  s p h e r e )  which 
a re  d e f l e c t e d  i n t o  a s i n g l e  o u t g o i n g  v e l o c i t y  7. 

The f o l l o w i n g  c o n c l u s i o n s  may be  drawn: 

(1) M e t a s t a b l e s  w i t h  v e l o c i t y  ? a r i s e  from n e u t r a l  p a r t i c l e s  

w i t h  a r a n g e  o f  v e l o c i t i e s  io t e r m i n a t i n g  on t h e  " c o n t r i b u t i n g  

sphe re ' '  d e f i n e d  by t h e  above e q u a t i o n ;  

( 2 )  The c o n t r i b u t i n g  v a l u e s  o f  To can  be c h a r a c t e r i z e d  b y  

1 
1-!J 

a mean d e f l e c t i o n  a n g l e  r and by a mean s p e e d  - B ;  

( 3 )  The c o n t r i b u t i n g  v a l u e s  o f  vo ,  as c h a r a c t e r i z e d  above ,  

a re  s u b j e c t  t o  f r a c t i o n a l  u n c e r t a i n t i e s  i n  magni tude  g i v e n  b y  t h e  
i? n o r m a l i z e d  sphere  radius , -  and to a n g u l a r  u n c e r t a i n t i e s  up to 

!J lt- 
1-!J 

subtended  by t h e  s p h e r e .  max t h e  maximum a n g l e  0 
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By a l g e b r a i c  m a n i p u l a t i o n  o f  t h e  above e q u a t i o n s  i t  can  be shown 

t h a t  

' 0  

I L 

I n  these  e x p r e s s i o n s  ^v i s  a u n i t  v e c t o r  a l o n g  t h e  d i r e c t i o n  o f  

v ,  and r i s  t h e  r a d i u s  o f  t h e  c o n t r i b u t i n g  s p h e r e .  
- 

For  m o l e c u l a r  n i t r o g e n  it i s  found t h a t  

= 1 . 9 4  10-5 

a r e  u s u a l l y  small q u a n t i t i e s .  F i g u r e s  3 . 9 ,  s o  t h a t  r and 0 

r , o  and  r ( 1 - p )  f o r  a n  3 . 1 0  and 3 . 1 1  p r e s e n t  g r a p h s  o f  1-11) 
e l e c t r o n  e n e r g y  o f  7 . 2  e v  ( t h e  v a l u e  c o r r e s p o n d i n g  t o  t h e  maximum 

metastable  e x c i t a t i o n  c r o s s  s e c t i o n  o f  t h e  A3Z: s t a t e  o f  N2 ( see  

s e c t i o n  5 .2) ) .  The a n g l e  x between t h e  i n c i d e n t  e l e c t r o n  v e l o c i t y  

and  t h e  f i n a l  m e t a s t a b l e  v e l o c i t y  ( t a k e n  as t h e  d i r e c t i o n  to t h e  

d e t e c t o r )  i s  t h e  p a r a m e t e r .  F i g u r e s  3 . 1 2 ,  3 .13  and 3 .14  p r e s e n t  

t h e  same i n f o r m a t i o n  f o r  an  e l e c t r o n  ene rgy  o f  20  e v .  

max 
B 

max 

For  a f l i g h t  p a t h  o f  20  cm and t r a n s i t  t imes up to 1 m i l l i -  
4 s econd ,  c o r r e s p o n d i n g  to measurement o f  s p e e d s  o f  2 x 1 0  cm/sec 

and  g r e a t e r ,  i t  i s  s e e n  t h a t  t h e  7 . 2  e v  c a s e  p r o v i d e s  a s p e e d  

r e s o l u t i o n  of  b e t t e r  t h a n  5% and a n  a n g u l a r  r e s o l u t i o n  o f  3 o r  

b e t t e r .  

0 

The above development  shows t h a t  t h e  c h a r a c t e r i s t i c  i n i t i a l  

4 4  

I 
I 



B . s p e e d  1-11 and t h e  d e f l e c t i o n  angle r must b e  used  i n  data  r e d u c t i o n  

to i n f e r  t h e  r e p r e s e n t a t i v e  c o n t r i b u t i n g  v e l o c i t y  yo. The measured 

f l u x  i n t e n s i t y  f o r  a g i v e n  can t h e n  b e  i n t e r p r e t e d  as t h a t  d u e  to 

p a r t i c l e s  i n  t h e  small volume o f  v e l o c i t y  s p a c e  ( o f  o r d e r  r B ) 

c o n t a i n e d  i n  t h e  c o n t r i b u t i n g  s p h e r e ,  we igh ted  by t h e  d i s t r i b u t i o n  

f u n c t i o n  g ( v o )  e v a l u a t e d  a t  t h e  c h a r a c t e r i s t i c  speed  vo = - 1-?i * 

3 3  

B 

The o n l y  f a c t o r  n e g l e c t e d  i n  t h e  above a n a l y s i s  i s  t h e  

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

o v e r  t h e  s u r f a c e  o f  t h e  c o n t r i b u t i n g  sphere .  T h i s  i s  d e t e r m i n e d  

by t h e  i n e l a s t i c  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  f o r  t h e  

e x c i t a t i o n  p r o c e s s  (Lamb & R e t h e r f o r d ,  1 9 5 0 ;  Rubin,  e t  - -  a l . ,  1960; 

S t e b b i n g s ,  - -  e t  a l . ,  19603. For e l e c t r o n  e n e r g i e s  j u s t  above t h e  

metastable  e x c i t a t i o n  e n e r g y ,  t h e  s c a t t e r e d  e l e c t r o n  d i s t r i b u t i o n  

i s  n e a r l y  s p h e r i c a l l y  symmetr ic ,  b u t  as t h e  e l e c t r o n  ene rgy  i s  

i n c r e a s e d ,  bunching  of  t h e  s c a t t e r e d  e l e c t r o n s - i n  f a v o r  o f  t h e  

f o r w a r d  d i r e c t i o n  o c c u r s .  T h u s , . w h i l e  t h e  s u b t e n d e d  a n g l e  o f  t h e  

i n c r e a s e s  w i t h  e l e c t r o n  e n e r g y ,  t h e  con- max y 
s c a t t e r i n g  s p h e r e ,  0 

corn i tan t  f a v o r i n g  o f  fo rward  s c a t t e r i n g  t e n d s - t o  s e l e c t  c o n t r i -  

b u t i n g  v a l u e s  o f  y o  on a p r o g r e s s i v e l y  smaller  p o r t i o n  o f  t h e  

s p h e r e .  Under t h e s e  c o n d i t i o n s ,  Omax becomes p r o g r e s s i v e l y  a 
l e s s  v a l i d  measure o f  t h e  error i n  d i r e c t i o n  o f  c o n t r i b u t i n g  v a l u e s  

of  V o ,  I' a p o o r e r  estimate o f  t h e  a v e r a g e  i n i t i a l  d i r e c t i o n ,  and 
- 

&- a l e s s  a c c u r a t e  i n d i c a t o r  of t h e  i n i t i a l  s p e e d .  
1 - P  

S i n c e  t h e  

3 +  n e c e s s a r y  d i f f e r e n t i a l  c r o s s - s e c t i o n  i n f o r m a t i o n  on t h e  A C u  

s t a t e  o f  N2 i s  n o t  a v a i l a b l e ,  n o t h i n g  f u r t h e r  w i l l  b e  sa id  on t h i s  

p o i n t  o t h e r  t h a n  t o  i n d i c a t e  t h a t  t h e  c u r v e s  o f  F i g u r e s  3 . 1 2 ,  

and 3.14 w i l l  t e n d  to o v e r e s t i m a t e  r ,  omax, a n d . r ( l - u ) ,  w h i l e  

B 
u n d e r e s t i m a t i n g  - 

1 - P  
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F i g u r e  3.10 Mean d e f l e c t i o n  a n g l e  (I') of incoming n e u t r a l s  
a s s o c i a t e d  w i t h  measured metastable v e l o c i t y  ( v )  
f o r  N2 ( A  3 +  Xu) produced by 7.2 e v  e l e c t r o n  bombardment. 

30 

20 

IO 

0 

METASTABLE EXCITATION ENERGY 6 .17~ 
BOMBARDING ELECTRON ENERGY 7 . 2 0 ~  

.4 

.3 1 .2 
104 2 5 I03 2 5 I 0 6  

METASTABLE VELOCITY V (cm/seC.) 

F i g u r e  3.11 Angular  (Omax) and magnitude [ r ( l - p ) ]  d e v i a t i o n s  from 
mean incoming n e u t r a l  v e l o c i t y  v e c t o r  a s s o c i a t e d  w i t h  

produced by 7.2 ev e l e c t r o n  bombardment. 

measured metastable v e l o c i t y  ( v )  f o r  N2 ( A  3 +  1,) 
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Figure 3.13 Mean deflection angle ( r )  of incoming neutrals 
associated w i t h  measured metastable velocity ( v )  

bombardment. 

for N2 ( A  3 +  E,) produced by 20.0 ev electron 

30 

0 

Figure 3.14 Angular (Omax) and magnitude [r(l-u)] deviations from 
mean incoming neutral velocity vector associated with 
measured metastable velocity (v) for N2 ( A  

produced by 20.0 ev electron bombardment. 

3 +  
Cu) 
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1 
4. M O D I F I C A T I O N  OF MEASURED VELOCITY DISTRIBUTION 

BY RESIDUAL GAS SCATTERING 

4 . 1  RELATION OF COLLISIONS TO VELOCITY DISTRIBUTION 

4 . 1 . 1  S t a t emen t  o f  Problem 

Because t h e  m o l e c u l e s  i n  t h e  r e f l e c t e d  beam must p a s s  t h r o u g h  

a background g a s  d u r i n g  t h e  measurements ,  one must i n s u r e  t h a t  

c o l l i s i o n s  between m o l e c u l e s  o f  t h e  beam and  t h o s e  o f  t h e  back- 

ground g a s  do n o t  i n t r o d u c e  s y s t e m a t i c  e r r o r s  i n t o  t h e  r e s u l t s  

of t h e  v e l o c i t y  d i s t r i b u t i o n  measurements .  The p r o b a b i l i t y  f o r  

a beam molecule  t o  undergo a c o l l i s i o n  w i t h  a molecu le  o f  t h e  

background gas  i 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  l e n g t h  o f  t i m e  

t h e  beam molecule  spends  i n  i t s  f l i g h t  f rom e n t r a n c e  t o  t h e  

d e t e c t o r .  T h e r e f o r e ,  i f  s u f f i c i e n t  background gas i s  p r e s e n t ,  

t h e  d e t e c t e d  f l u x  may be r e l a t i v e l y  d e f i c i e n t  i n  s low m o l e c u l e s .  

The mean f r e e  p a t h  o f  m o l e c u l e s  a t  t h e  p r e s s u r e s  i n  q u e s t i o n  

( ?  t o r r )  i s  c u s t o m a r i l y  q u o t e d  as many meters ,  w e l l  i n  

e x c e s s  o f  t h e  d imens ions  o f  t h e  a p p a r a t u s  p r o p o s e d .  Never- 

t h e l e s s ,  i t  i s  i m p o r t a n t  t o  c o n s i d e r  two p o i n t s :  

(1) When good a n g u l a r  r e s o l u t i o n  i s  wanted i n  t h e  a n a l y s i s  

o f  t h e  r e f l e c t e d  beam, even  small a n g l e  c o l l i s i o n s  

become i m p o r t a n t .  The u s u a l  e x p e r i m e n t a l  v e r i f i c a t i o n s  

o f  mean f r e e  p a t h  c a l c u 2 a t i o n s  (Bates ,  1 9 6 2 )  are  n o t  

s e n s i t i v e  t o  t h e  o c c u r r e n c e  o f  g l a n c i n g  e n c o u n t e r s  

between m o l e c u l e s .  

( 2 )  Long r a n g e  i n t e r a c t i o n s  between m o l e c u l e s  may n o t  

i n v o l v e  enough momentum t r a n s f e r  to q u a l i f y  as a 
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c o l l i s i o n  i n  t h e  gas  k i n e t i c  s e n s e ,  b u t  such  an  i n t e r -  

a c t i o n  rnay y - ~ e i - ~ c h  a nietastable r,olec-d1e arid 4 L . i -  M ~ - ~ T T T \  
CIllUr3 I C L 1 I V  v L 

i t  c o m p l e t e l y  from t h e  d e t e c t a b l e  component o f  t h e  

r e f l e c t e d  beam. 

An a l k a l i  atom beam a p p a r a t u s  has been  used  t o  measure t h e  

v e l o c i t y  d i s t r i b u t i o n  of  a d i r e c t i o n a l  a t o m i c  beam as m o d i f i e d  b y  

s c a t t e r i n g  from a background g a s .  The a l k a l i  beam has been chosen  

f o r  t h e  f o l l o w i n g  r e a s o n s :  (1) The atoms a re  p a r t i c u l a r l y  e a s y  t o  

p roduce  and to d e t e c t ;  and ( 2 )  t h e  c o l l i s i o n  c r o s s  s e c t i o n s  f o r  

a l k a l i s  have  been  w e l l  s t u d i e d .  The r e s u l t s  a c h i e v e d  a re  g e n e r a l l y  

a p p l i c a b l e  to g a s  k i n e t i c  c o l l i s i o n s  o f  any non-polar  s p e c i e s .  The 

r e s u l t s  can  b e  e x t r a p o l a t e d  with r e a s o n a b l e  c o n f i d e n c e  to c o l l i s i o n s  

between metastable beam m o l e c u l e s  and ground s t a t e  background g a s  

m o l e c u l e s .  

4 . 1 . 2  M o d i f i c a t i o n  of V e l o c i t y  D i s t r i b u t i o n  by C o l l i s i o n s  

I d e a l l y ,  t h e  f l u x  o f  atoms (mass M )  w i t h  v e l o c i t i e s  between 

v and  v t dv i n  a beam emerging from a s o u r c e  a t  t e m p e r a t u r e  T i s  

g i v e n  by 

where 

2 2  
dv 3 / c  f ( v )  d v  = K v ( 4 . 1 )  

and K i s  a n o r m a l i z a t i o n  c o n s t a n t  r e f l e c t i n g  t h e  t o t a l  number o f  

p a r t i c l e s  i n  t h e  beam. I f  t h e  beam p a s s e s  t h r o u g h  a d i l u t e  s c a t -  

t e r i n g  g a s ,  t h e n  t h e  f l u x  decreases w i t h  d i s t a n c e  b e c a u s e  o f  
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c o l l i s i o n s ,  s o  t h a t  a t  d i s t a n c e  R from t h e  s o u r c e  f ( v )  i s  changed 

where X(v) i s  t h e  mean f ree  p a t h  o f  t h e  beam atoms i n  t h e  g a s .  

The mean f r e e  p a t h  i s  dependent  on v b e c a u s e  t h e  p r o b a b i l i t y  o f  

unde rgo ing  a c o l l i s i o n  i n c r e a s e s  w i t h  t h e  t i m e  t h e  beam atom 

spends  i n  t h e  r e g i o n  E .  

The number o f  c o l l i s i o n s  p e r  s econd  f o r  beam atoms moving 

w i t h  v e l o c i t y  v t h r o u g h  a background g a s  o f  number d e n s i t y  n 
TkT,I G 

ti i n  which t h e  m o s t  p r o b a b l e  m o l e c u l a r  speed  i s  cG , i s  g i v e n  

by (Loeb,  1934)  

C 2 v  
-1 /2  G X(C ) z ( v )  = TI 

G G ‘BG - 
V 

( 4 . 3 )  

where agG i s  t h e  t o t a l  c o l l i s i o n  cross s e c t i o n  between beam and 

g a s  a toms and  x ( x )  i s  g i v e n  by 

2 2 
+ (2x2  + 1) dy e” -X x(x) = xe  

The mean f r e e  p a t h  i s  t h e n  

Consequen t ly ,  

where 

( 4 . 4 )  

-1/2 2 
n~ ‘BG ‘G A = n  
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I n  o b t a i n i n g  t h e  above r e s u l t s ,  t h e  f o l l o w i n g  a s sumpt ions  a re  

made : 

(1) The d e n s i t y  of t h e  s c a t t e r i n g  g a s  i s  c o n s t a n t  i n  t h e  

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

( 2 )  The e f f e c t i v e  l e n g t h  o f  t h e  s c a t t e r i n g  c e l l  i s  t a k e n  

to be  t h e  g e o m e t r i c  l e n g t h  o f  t h e  s c a t t e r i n g  chamber.  

( 3 )  M u l t i p l e  s c a t t e r i n g  i s  n e g l e c t e d .  

(4) S c a t t e r i n g  o f  a toms i n t o  t h e  d e t e c t e d  beam i s  n e g l e c t e d .  

( 5 )  A l l  s c a t t e r i n g  e v e n t s  a re  c o n s i d e r e d  to o r i g i n a t e  i n  t h e  

s c a t t e r i n g  c e l l  and a re  e x c l u s i v e l y  a t t r i b u t e d  to t h e  

s c a t t e r i n g  g a s .  

4 . 1 . 3  E v a l u a t i o n  o f  Modif ied  D i s t r i b u t i o n  

I t  i s  c o n v e n i e n t  to e v a l u a t e  ?(v,I1) on a computer .  The 

d e n s i t y  o f  s c a t t e r i n g  g a s ,  nG,  i s  o b t a i n e d  from r e a d i n g  a 

c a l i b r a t e d  i o n  gauge .  The t e m p e r a t u r e  o f  t h e  a p p a r a t u s  ( ~ 3 0 0 ~ K )  

i s  assumed t o  gove rn  t h e  c h a r a c t e r i s t i c  v e l o c i t y  o f  t h e  s c a t t e r i n g  

g a s ,  c G .  

chosen  to make t h e  peak  v a l u e  o f  ?(v,!L) e q u a l  t o  u n i t y  when n 

Comparison w i t h  t h e  e x p e r i m e n t s  i s  f a c i l i t a t e d  i f  K i s  

G 

e q u a l s  z e r o .  

o b t a i n  t h e  b e s t  f i t  between t h e  t h e o r e t i c a l  and t h e  e x p e r i m e n t a l  

r e s u l t s  f o r  ?(v,11) a t  f i n i t e  v a l u e s  o f  n 

The c o l l i s i o n  c r o s s  s e c t i o n  aBG i s  t h e n  chosen  to 

G'  

If t h e  d e s c r i p t i o n  g i v e n  by k i n e t i c  t h e o r y  i s  a d e q u a t e ,  t h e r e  

w i l l  be  good agreement  between t h e  v a l u e  o f  aBG as o b t a i n e d  above 

and t h e  v a l u e  f o r  t h i s  c r o s s  s e c t i o n  d e t e r m i n e d  b y  o t h e r  e x p e r i -  

men t s .  More i m p o r t a n t  f o r  t h e  p r e s e n t  s t u d y ,  however,  w i l l  b e  t h e  

v e r i c a t i o n  o f  t h e  shape  o f  t h e  f u n c t i o n  ? ( v , r ? )  as a f u n c t i o n  o f  v .  
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4 . 2  DESCRIPTION OF APPARATUS AND PROCEDURE 

F i g u r e  4 . 1  shows t h e  a p p a r a t u s  w i t h  i t s  s o u r c e ,  v e l o c i t y  

s e l e c t o r ,  c o l l i m a t o r ,  and - d e t e c t o r .  A d e s c r i p t i o n  o f  t h e s e  

components f o l l o w s .  

4 . 2 . 1  Vacuum System 

The vacuum e n v e l o p e  i s  composed o f  f o u r  i n t e r c o n n e c t e d  brass  

chambers which compr i se  t h e  oven, v e l o c i t y  s e l e c t o r ,  s c a t t e r i n g  

c e l l ,  and  d e t e c t o r  u n i t s .  A s t r a i g h t - t h r o u g h ,  vacuum v a l v e  s e p a r -  

a t e s  t h e  oven chamber from t h e  r e s t  o f  t h e  a p p a r a t u s  and a l l o w s  one 

to r e l o a d  t h e  oven w i t h o u t  d e s t r o y i n g  t h e  vacuum i n  t h e  r e s t  o f  t h e  

machine .  S e a l s  a r e  p r o v i d e d  by v i t o n  O-r ings l i g h t l y  c o a t e d  w i t h  

Apiezon "L" g r e a s e .  S i n c e  b r a s s  i s  t h e  p r i m a r y  c o n s t r u c t i o n  

mater ia l ,  no bake-out p r o c e d u r e s  a r e  u s e d .  The vacuum i s  main- 

t a i n e d  by f o u r  750 l i t e r s / s e c  oil d i f f u s i o n  pumps u s i n g  DC 705 

s i l i c o n e  pump f l u i d .  I n  a d d i t i o n ,  t h r e e  l i q u i d  n i t r o g e n  t r a p s  

p r o v i d e  a d d i t i o n a l  pumping f o r  t h e  s y s t e m .  F i g u r e  4 . 2  shows a 

s c h e m a t i c  d i ag ram o f  t h e  vacuum sys t em used  f o r  t h e  a p p a r a t u s .  

The p r e s s u r e  of  e a c h  chamber i s  m o n i t o r e d  by an i o n i z a t i o n  

gauge .  T y p i c a l  p r e s s u r e s  obse rved  i n  e a c h  chamber w i t h  l i q u i d  

n i t r o g e n  i n  t h e  t h r e e  t r a p s  and a beam i n  t h e  machine are  as 

f o l l o w s :  

S e c t i o n  P r e s s u r e  

Oven Chamber 1 x t o r r  

V e l o c i t y  S e l e c t o r  Housing 2 x 10-7 t o r r  

S c a t t e r i n g  Chamber (no gas)  

D e t e c t o r  Chamber 

1 x 10-7  t o r r  

1 x 10-7 t ' o r r  
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Because most of t h e  measurements o f  v e l o c i t y  p r o f i l e s  have been 

made w i t h  a r g o n  as t h e  s c a t t e r i n g  g a s ,  i t  i s  n e c e s s a r y  to c a l i -  

b ra te  one o f  t h e  Bayard-Alpert  vacuum gauge t u b e s  (Veeco R G - 7 5 )  

and i t s  a s s o c i a t e d  c o n t r o l  u n i t  f o r  a r g o n  g a s .  The c a l i b r a t i o n  

h a s  been  accompl i shed  by a t t a c h i n g  t h e  RG-75 gauge u n i t  t o  an  

u l t r a - h i g h  vacuum sys t em upon which t h r e e  c a l i b r a t e d  i o n i z a t i o n  

gauges  a r e  mounted. (The t h r e e  gauges  have  been  c a l i b r a t e d  

p r e v i o u s l y  f o r  N 2  by  u s i n g  a McLeod gauge  as  t h e  p r imary  r e fe r -  

e n c e . )  Readings  between t h e  f o u r  gauges  have been  compared o v e r  

t h e  p r e s s u r e  r a n g e  o f  1 0  -lo to - r r  up t o  torr. Each i n d i v i d u a l  

r u n  p roduces  60  data  p o i n t s  from which p r e s s u r e  compar ison  c u r v e s  

have  been  c o n s t r u c t e d .  An ave rage  c o r r e c t i o n  f a c t o r  f o r  t h e  

gauge ,  o b t a i n e d  from f i v e  s e p a r a t e  r u n s ,  has  been  c a l c u l a t e d .  The 

r e s u l t i n g  gauge c o n s t a n t  f o r  t h e  RG-75  gauge ,  when 1 0  m a  e l e c t r o n  

c u r r e n t  i s  u s e d ,  i s  1 . 2 6  x 10-I a m p s / t o r r  f o r  n i t r o g e n .  

c a l i b r a t i o n  p r o c e d u r e  i s  e s t i m a t e d  to be a c c u r a t e  t o  + 2 5 % .  

The above 

- 

4 . 2 . 2  A l k a l i  Oven 

The oven s o u r c e  f o r  t h e  a l k a l i  beam i s  o f  t h e  s t a n d a r d  d e s i g n  

(Kusch and Hughes, 1 9 5 9 )  and i s  shown i n  F i g u r e  4 . 3 .  The oven i s  

made o f  n i c k e l  and h a s  kni fe -edge  s l i t s  gapped a t  0 . 2 5  mm;the s l i t  

h e i g h t  i s  1 em. A c o i l  o f  t u n g s t e n  wire  i s  used  as t h e  h e a t e r  

e l e m e n t .  

The samples  o f  t h e  a l k a l i  metals used  i n  t h e  r u n s  have  a 

q u o t e d  p u r i t y  g r e a t e r  t h a n  9 9 % .  I n  o r d e r  to check t h e  p u r i t y ,  

t h e  e m i s s i o n  s p e c t r a  o f  t h e  samples a r e  examined w i t h  a d o u b l e  

p r i s m  s p e c t r o g r a p h .  The r e s u l t s  o f  t h i s  check i n d i c a t e d  t h a t  t h e  
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samples  a re  f r e e  of any i m p u r i t i e s  to w i t h i n  2 % .  De ta i l s  o f  t h i s  

check  a re  c o n t a i n e d  i n  a n  i n t e r n a l  l a b o r a t o r y  r e p o r t  ( B e c h t e l ,  

1 9 6 7  1 .  
A Chromel-P.Alumel thermocouple ,  mounted i n  t h e  back o f  t h e  

oven  as shown i n  F i g u r e  4 . 3 ,  i s  used  to r e c o r d  t h e  oven tempera-  

t u r e .  The r e f e r e n c e  j u n c t i o n  t e m p e r a t u r e ,  governed  by room t e m -  

p e r a t u r e ,  i s  a f a i r l y  c o n s t a n t  25OC f o r  a l l  t h e  r u n s .  The e m f  o f  

t h e  the rmocoup le  i s  measured by a p o t e n t i o m e t e r .  The a c c u r a c y  

o f  t h e  p o t e n t i o m e t e r  and thermocouple  c i r c u i t  i s  checked by mea- 

s u r i n g  t h e  i c e  p o i n t  and b o i l i n g  p o i n t  o f  water. 

4 . 2 . 3  C o l l i m a t o r  and V e l o c i t y  S e l e c t o r  

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

r a z o r  b lade  e d g e s .  The h e i g h t  o f  t h e  s l i t  i s  1 em and t h e  w i d t h ,  

7 . 6  x 10-3cm. The c o l l i m a t o r  i s  mounted a b o u t  30cm away from t h e  

v e l o c i t y  s e l e c t o r .  

The v e l o c i t y  s e l e c t o r  used i n  t h e  v e l o c i t y  p r o f i l e  measure- 

ments  c o n s i s t s  o f  s i x  r o t a t i n g  s l o t t e d  d i s k s ,  s p a c e d  s o  t h a t  t h e  

beam i s  c o m p l e t e l y  f r e e  of s i d e b a n d s  ( H o s t e t t l e r  and B e r n s t e i n ,  

1 9 6 0 ) .  The d imens ions  and g e n e r a l  d e t a i l s  o f  t h e  r o t o r  assembly  

are  shown i n  F i g u r e  4 . 4 .  The d i s k s  a re  a l l  mounted on a s i n g l e  

s h a f t ,  and a Syn to rque  C o r p o r a t i o n  h y s t e r e s i s  motor  (Type 1 7 H 7 1 )  

p r o v i d e s  t h e  n e c e s s a r y  t o r q u e  t o  r o t a t e  t h e  d i s k s  i n  t h e  r a n g e  

from z e r o  to l3,OOO rPm.  

The sys t em used  to supply  two-phase power f o r  t h e  rotor 

motor  n e e d s  a p h a s e  s h i f t e r  between t h e  two o u t p u t s  because  t h e  

r e a c t a n c e  of t h e  motor  changes w i t h  rotor s p e e d .  A c a l i b r a t e d  

G e n e r a l  Radio Model 1531-A s t r o b o s c o p e  i s  used  to check  t h e  r a t e  

r o t a t i o n  o f  t h e  v e l o c i t y  s e l e c t o r  r o t o r .  
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4 . 2 . 4  D e t e c t o r  

The d e t e c t o r  used  i n  t h e  e x p e r i m e n t s  w i t h  t h e  a l k a l i  metals 

i s  a s t a n d a r d  s u r f a c e  i o n i z a t i o n  d e t e c t o r  w i t h  a 7 .6  x em 

diameter  hea ted  t u n g s t e n  f i l a m e n t  3cm l o n g .  The p o s i t i v e  i o n s  

which a re  formed a t  t h e  s u r f a c e  o f  t h e  wire  a r e  drawn o f f  by a 

2 0  v o l t  p o t e n t i a l  d i f f e r e n c e  and c o l l e c t e d  w i t h  a s e m i - c y l i n d r i c a l  

e l e c t r o d e  i n  f r o n t  o f  t h e  wire.  A K e i t h l e y  Model 6 1 0 ~ ~  E l e c t r o -  

meter i s  used  to m o n i t o r  t h e  p o s i t i v e  i o n  c u r r e n t  which i s  p ro -  

p o r t i o n a l  to t h e  t o t a l  beam i n c i d e n t  on t h e  w i re .  The l i n e a r i t y  

o f  t h e  e l e c t r o m e t e r  t h r o u g h  t h e  r a n g e s  o f  a p p l i c a t i o n  has been  

measured to b e  b e t t e r  t h a n  0 . 1 % .  With  t h e  c o l l i m a t o r  and d e t e c t o r  

as d e s c r i b e d ,  t h e  a p p a r a t u s  h a s  an a n g u l a r  r e s o l u t i o n  (Kusch,  

1 9 6 4 )  of 5 x lo-’ r a d i a n s .  

4 . 2 . 5  S c a t t e r i n g  Gas 

The f low o f  g a s  to t h e  s c a t t e r i n g  c e l l  i s  r e g u l a t e d  w i t h  a 

n e e d l e  v a l v e .  Because e x t e n s i v e  data  a re  a v a i l a b l e  f rom o t h e r  

e x p e r i m e n t s  on a r g o n - a l k a l i  i n t e r a c t i o n s ,  a r g o n  i s  used  f o r  most 

o f  t h e  s c a t t e r i n g  e x p e r i m e n t s .  The a r g o n  i s  r a t ed  b y  t h e  s u p p l i e r  

as b e i n g  9 9 . 9 %  p u r e .  A f i l t e r  i s  used  to remove w a t e r  v a p o r  and 

d u s t  p a r t i c l e s  f rom t h e  g a s .  S i n c e  s c a t t e r i n g  g a s  p r e s s u r e s  i n  

e x c e s s  of t o r r  r e d u c e  t h e  peak o f  d e t e c t e d  beam i n t e n s i t i e s  

w e l l  below 1 0  -13 amperes ,  measurements have n o t  been  c o n t i n u e d  

i n t o  t h e  r e g i o n  where t h e  c o n v e n t i o n a l  mean f r e e  p a t h  i s  l e s s  t h a n  

a p p a r a t u s  d i m e n s i o n s .  

With no s c a t t e r i n g  g a s  a d m i t t e d ,  t h e  r e s i d u a l  g a s  

p r e s s u r e  i n  t h e  sys t em i s  about  t o r r .  The c o m p o s i t i o n  o f  t h e  

r e s i d u a l  g a s  has n o t  been  measured b e c a u s e  no s u i t a b l e  mass spec-  
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t r o m e t e r  i s  a v a i l a b l e ,  but s t u d i e s  o f  s i m i l a r  d i f f J s i o n  pumped 

vacuum s y s t e m s  have  shcJwn t h a t  t h e  p r i n c i p a l  - c n s t i t u ? n t s  of such  

gas a re  p r o b a b l y  C O ,  C 0 2 ,  H2C, and CH4. 

4 . 2 . 6  V e l o c i t y  P r o f i l e  Measurements 

V e l o c i t y  profile measurements have  b e e n  o b t a i n e d  by h c l d i n g  

t h e  d e t e c t o r  p o s i t i o n  f i x e d  w h i l e  t h e  a n g u l a r  s p e e d  o f  t h e  v e l o c i t y  

s e l e c t o r  r o t o r  i s  v a r i e d ,  E,aeh poi r i t  p l o t t e d  h a s  been  o b t a i n e d  by 

a v e r a g i n g  t e n  d a t a  p o i n t s  t a k e n  a t  a p a r t i c u l a r  : r e l o c i t y .  T y p i c a l  

i n t e n s i t i e s  ranged  f r 2 m  1 x 1 0  amps t o  3 x 10 amps. The 

s t a t i s t i c a l  f l u c t u a t i o n s  a s s o c i a t e d  w i t h  e a c h  p o i n t  a r e  on t h e  

o r d e r  o f  1 x amps, The r e p r e s e n t a t i v e  c u r v e s  z-.y”e p l o t t e d  

on g r a p h  p a p e r  and  n o r m a l i z e d  t o  a f f o r d  a compar i son  w f t h  t h e  

t h e o r e t i c a l  v e l o c i t y  p r o f f l e ,  Velscfty p r c f i l e s  f o r  p o t a s s i u m ,  

r u b i d i u m ,  and  ces ium are  measured  as a f u n c t i a n  o f  t h e  a r g o n  

s c a t t e r i n g  gas d e n s i t y .  

-13 -12 

The upper  l i m i t  f o r  c h e  v e l o - i t y  measurements  i s  se t  by t h e  

maximum a l l o w a b l e  a n g u l a r  speed  of t h e  v e l o r , i t y  s e l e c t o r  r o t o r ,  

abou t  1 3 , 0 0 0  rpm. The u p p e r  v e l o c i t y  l i m i t  i s  6 7 , 0 0 0  cm:sec; 

t h u s ,  f o r  p o t a s s i u m  t h e  d a t z  d2 nzk e x t e n d  v e r y  f a r  i n t s  t h e  

h i g h  v e i o c i t y  s i d e  o f  t h e  peak .  

4.3 RESULTS 

4.3.1 V e l o c i t y  P r o f i l e s  and S c a t t e r i n g  :rcss S e c t i o n s  

The results of measurements w i t h  p o t a s s i u m ,  r u b i d i u m ) a n d  

ces ium are  shown orl F i g u v e s  bc5-b.10. The v e l ~ c i t i e s  a r e  p l o t t e d  

i n  u n i t s  o f  
r---\ 

C, =.I- 2kT , t h e  most p r o b a b l e  ve1ocii;y i n  a n  i d e a l ,  V m  



Maxwell ian beam. The u n c e r t a i n t y  i n  data  p o i n t s  i s  on t h e  o r d e r  

of t h e  w i d t h  of t h e  l i n e s  i n  t h e  g r a p h s .  

POTASSIUM: F i g u r e  4 . 5  shows t h a t  t h e  ~ r e l n c i t y  p r c f i l e  fcr p e t a s -  

s ium w i t h  no d e l i b e r a t e  a d d i t i o n  of s c a t t e r i n g  g a s  i s  i n  f a i r l y  

good agreement  w i t h  t h e  Maxwellian p r e d i c t i o n .  The measurement 

does  n o t  e x t e n d  beyond v = 1 . 2  because  o f  mechan ica l  l i m i t a t i o n s  

on t h e  v e l o c i t y  s e l e c t o r .  T h e  s l i g h t  d e f i c i e n c y  o f  K atoms below 

v = 0 . 6  p r o b a b l y  a r i s e s  from s c a t t e r i n g  o f  t h e  beam by r e s i d u a l  

g a s  i n  t h e  a p p a r a t u s  a t  torr .  When a r g o n  s c a t t e r i n g  g a s  i s  

i n t r o d u c e d  ( F i g u r e  4.61, a r e d u c t i o n  i n  o v e r a l l  beam i n t e n s i t y  and 

a s h i f t  o f  t h e  maximum to h i g h e r  v e l o c i t i e s  o c c u r .  Both t h e  over -  

a l l  i n t e n s i t y  r e d u c t i o n  and t h e  a l t e r a t i o n  o f  t h e  f l u x  d i s t r i b u t i o n  

a re  w e l l  matched by t h e  p r e d i c t i o n  o f  E q u a t i o n  4 . 6 ,  

c r o s s  s e c t i o n  o f  630  8 i s  used. T h i s  cross s e c t i o n  may b e  com- 

p a r e d  t o  t h e  v a l u e  o f  (734  & 1 0 0 )  i2 found by Rothe and  B e r n s t e i n  

when a K - A r  

2 

( 1 9 5 9 )  

R U B I D I U M :  I n  F i g u r e  4 . 7  t h e  d e f i c i e n c y  o f  s low rub id ium atoms 

due t o  r e s i d u a l  g a s  s c a t t e r i n g  i s  e v i d e n t .  When a r g o n  i s  i n t r o -  

duced ,  t h e  r e s u l t s  shown i n  F i g u r e  4 . 8  a r e  o b t a i n e d .  The t h e o -  

r e t i c a l  c u r v e s  have  been  c a l c u l a t e d  from E q u a t i o n  4 . 6  b y  u s i n g  

715 8 2 for t h e  R b - A r  c r o s s  s e c t i o n .  

CESIUM: F i g u r e  4 . 9  shows t h a t  t h e  r e s i d u a l  g a s  i n  a r e l a t i v e l y  

good l a b o r a t o r y  vacuum torr) h a s  a v e r y  pronounced e f f e c t  

on t h e  v e l o c i t y  d i s t r i b u t i o n  o f  a l o n g  ces ium beam. F i g u r e  4.10 

shows t h e  agreement  between exper iment  and t h e o r y  when 750 x2 i s  
used  for t h e  C s - A r  c r o s s  s e c t i o n .  Rothe and B e r n s t e i n  ( 1 9 5 9 )  



measured t h i s  c r o s s  s e c t i o n  tc b e  ( 8 5 7  f 120; E2. 
The p r e s e n t  r e s u i t s  c s n f i r m  t h e  a p p l i c a b i l i t y  af t h e  Known 

c o l l i s i o n  c r o s s  s e c t i o n s  t o  the problem sf p r e d i c t i n g  v e l o c i t y  

d l s t r i b u t i o n s  i n  t h e  p r e s e n z e s  of' 3ca:tePing g a s .  

4 3 a 2 D i s c u s s i o n  

F o r  g a s - s u r f a c e  i n t e r a c r i m  measurements ,  t h e  i m p o r t a n c e  

o f  r e s i d u a ?  gas  s c a t t e r i n g  i s  + h a t  t h e  measured v e l o c i t y  p r a f i l e s  

a r e  d e f i z i e n t  i n  s low mcCeculeep S i n c e  accommodation a t  a s u r f a c e  

i s  judged  b y  ccJmparing t h e  i?coming v e l o c i t y  d i s t r i b u t i o n  (doml- 

n a t e d  b y  s a t e l l i t e  v e l a c i t y )  w i t h  the d i s t p i b u t i o n  measured i n  

t h e  r e f l e c t e d  beam, acrornm2d2tion may b e  u n d e r e s t i m a t e d  i f  t h s  

eff?c+s ~ i '  r e s i d u a l  g a s  s c a t t e r i n g  ace i g n o r e d "  T h e  p r i n c i p a l  

r e s u i t  2f t h i s  s e c t i o n  of" t h e  s t u d y  i s  a v e r i f i e d ,  q u a n t i t a t i v e  

u n d e r s t a n d i n g  o f  t h e  way i n  whicn a s c a L t e r l n g  g;as a l t e r s  t h e  

v e l o c i t y  d i s t r i b u t i o r l  o f  a ~ c l l i m a t e d  m n l e c u l a r  beam. 
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Figure 4.9 Cesium Velacity Profile with no Addition of Scattering Gas 
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5 .  PROPERTIZS OF N~ Iri RELATION TO TIME-OF-FLIGHT ANALYSIS 

5 . 1  STRUCTURE OF Yj MGLECULc 
L 

The main f e a t u r e s  o f  t h e  pnergy  l e v e l s  i n  m o l e c u l a r  n i t r o g e n  

a r e  shown i n  F i g u r e  5,l ( H e r z b e r g ,  1950). The l e v e l s  a-e d i v i d e d  

i n t o  s i n g l e t s  ( e l e c t r o n s  p a i r e d  g f f  t o  form s t a t e s  w i t h  no  e l e c -  

t r o n  s p i n  a n g u j a r  momzncum) and t r i p i ? t s  ( e l e c t r o n s  w i t h  p a r a l l e l  

s p i n s ) .  The e x c i t e d  s t a t e s  snown r e p r e s e n t  c o n d i t i o n s  o f  e l e c -  

t r o n i c  e x z i t a t i o n ;  t h e  3 i v i s i o n  ~f 7,hese s t a t e s  i n t o  s u b l e v e l s  

frcm the o t h e r  d e g r e e s  of' freedDm w i t h i n  t h e  m o l e c u l e  ( r o t a t i o n  

a;7d v i b r a t i o n )  IS not, s h g w n .  

Two o f  the e x c i t e d  s t a r e s  decay  o n l y  ve ry  s l o w l y  to t h e  
i-t 

g 
X L grs imd  s t a t e  

7 

The s i n g i e T  a L I m  s t a t e ,  ar  8 . 7  ev above r h e  ground state, has a 
E -4 1 

i i f e t i n e  of  abcgt  2x10 s e c o n d s .  'The a"II + XIZ' C r a n s i t i o n  i s  
g g 

f o r b i d d e n  by t h e  e l e c t r i c  d i p o l e  s e l e c t i ; . r  r u l e s  which do n o t  a l l c w  

t r a n s i t i g n s  between s t a t e s  cf t h e  same symmetry (g7kg) b u t  can  

o c c u r  v i a  a weaker,  magne t i c  d l p o  te i n t e r a c t i o n .  T h i s  t r a n s i t i o n  

( , a c t u a l l y  a group o f  t r a n s i t i o n s  when r o t a t i o n  and v i b r a t i o n  a re  

t a k e n  i n t o  a c c o u n t )  i s  Tespansible for t h e  Lyman-Birge-Eopfield 

bands i n  t h e  m o l e c u l a r  n i t r o g e n  specl-rum. 

The t r i p l e t  A 3 , i  s t a t e ,  at; 6,;7 e v  above che ground s t a t e ,  has 

2 i i f e t i m e  m c r e  t h a n  seconds  ( L i e h t e n ,  19577; C a r l e t o n  and 

Oldenberg ,  1962). 

e l e c t r i c  d i p o l e  m a t r i x  e l e m e n t s  do n o t  e x i s t  between t h e  s i n g l e t ,  

and t y f p l e t  s t a t e s ;  h e u r i s t i c a l l y  c n e  can  s a y  t h a t  a n  e x t e r n a l  

e l e c t r i c  f i e l d  w i l l  no t  se rve  t a  r e o r i e n t  e l e c t r o n  s p i n s  w i t h  

3 +  I..+ 
g 

The A - Z u  + X z t r a n s i t i o n  i s  f o r b i d d e n  b e c a u s e  
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5 . 2  ELECTRON IMPACT EXCITATION OF METASTABLE N~ 

The e x c i t a t i o n  o f  m o l e c u l a r  n i t r o g e n  h a s  been  i n v e s t i g a t e d  

i n  d e t a i l  by S c h u l z  ( 1 9 5 9 ) .  H i s  work ( F i g u r e  5 . 2 )  shows t h a t  t h e  

A C u  s t a t e  can  b e  p r e f e r e n t i a l l y  e x c i t e d  w i t h  a n  e l e c t r o n  gun o f  

modest r e s o l u t i o n  (?.1 e V ) .  S c h u l z ' s  work y i e l d s  o n l y  r e l a t i v e  

cross s e c t i o n s ;  t h e  a b s o l u t e  c r o s s  s e c t i o n  f o r  e l e c t r o n  impac t  

e x c i t a t i o n  o f  m e t a s t a b l e  N2 i s  e x p e c t e d  t o  be  on t h e  o r d e r  o f  

3 x 1 0  -17 cm2 a t  a n  e l e c t r o n  ene rgy  o f  abou t  7 . 2  e v  ( F i g u r e  5 . 3 ) .  

3 +  
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F i g u r e  5 .2  Elec t ron-N Collision Study  R e s u l t s  
[After Schzlz (195911 
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5 . 3  COLLISION QUENCHING OF METASTABLE MOLECULES 

A m e t a s t a b l e  s t a t e  i n  an  atom or a m o l e c u l e  e x i s t s  b v i r t i  e 

o f  t h e  s p e c i a l  symmetry of t h e  e x c i t e d  s t a t e .  E l e c t r i c  d i p o l e  

t r a n s i t i o n s  occur  on ly  between s t a t e s  o f  d i f f e r e n t  p a r i t y  ( a  

symmetry p r o p e r t y  which c h a r a c t e r i z e s  t h e  s t a t e  w a v e f u n c t i o n  unde r  

i n v e r s i o n  o f  t h e  c o o r d i n a t e  s y s t e m ) ,  s o  t h a t  e x c i t e d  s t a t e s  w i t h  

t h e  same p a r i t y  a s  t h e  ground s t a t e  may e x h i b i t  v e r y  l o n g  l i f e -  

t i m e s .  

T h e  p a r t i c u l a r  symmetry o f  a n  a c t u a l  a t o m i c  or m o l e c u l a r  wave 

f u n c t i o n  can  be d e s t r o y e d  by  e x t e r n a l  p e r t u r b a t i o n s .  The s e n s i -  

t i v i t y  o f  t h e  l i f e t i m e  t o  e x t e r n a l  d i s t u r b a n c e s  depends  on t h e  

p r o x i m i t y  o f  s t a t e s  of  a p p o s i t e  p a r i t y  i n  t h e  atom or m o l e c u l e .  

s t a t e  of" a t o m i c  hydrogen  i s  m e t a s t a b l e  w i t h  F o r  example t h e  2 Sli2 

a l i f e t i m e  o f  about  0 .  1 secocds, but, a n  e x t e r n a l  e l e c t r i c  f i e l d  

a s  weak as 5 V/cm w j l i  r e d u c e  t h e  l i f e t i m e  t o  l e s s  t h a n  1 0  

s e c o n d s ;  t h e  p r e s e n c e  of  t h e  nea rby  2P l e v e l  i s  r e s p o n s i b l e  f o r  t h e  

s e n s i t i v i t y  of t h e  2s l i f e t i m e  to e x t e r n a l  p e r t u r b a t i o n s .  The 

l i f e t i m e s  o f  o t h e r  m e t a T t a b l e  s t a t e s  (2 S h e l i u m ,  A T u  Id2, e t c . )  

a r e  n o t  s o  s e n s i t i v e  t o  p e r + u r b a t i o n s  as i s  hydrogen ,  b u t  c o l l i -  

s i o n s  of" any kind may a c t  as e f f e c t i v e  quench ing  mechanisms. 

2 

-6 

3 3 +  

The quenching  of  m e t a s t a b l e s  i n  i n t e r m o l e c 7 J l a r  c o l l i s i o n s  h a s  

been  i n v e s t i g a t e d  (Hunter- and McElrcy, 1 9 6 6 ;  Hasted,  1964). From 

t h e s e  i n v e s t i g a t i o n s ,  i t  i s  kcown t h a t  t h e  quench ing  c r o s s  s e c t i o n s  

depend s t r o n g l y  on  t h e  d e t a i l e d  p r o p e r t i e s  o f  t h e  m e t a s t a b l e  and 

i t s  c o l l i s i o n  p a r t n e r .  i t  a p p e a r s  t h a t  quench ing  from i n t e r -  

m o l e c u l a r  z o l l i s i o n s  w i l l  not b e  t r o u b l e s o m e  f a r  MTOF s t u d i e s  

on n i t r o g e n ,  b u t  mare i n f o r m s t i o n  on t h e  a b s o l u t e  v a l u e s  o f  t h e  

74 



I' 
c r o s s  s e c t i o n  f o r  t h e  quenching o f  N2 by a t m o s p h e r i c  molecu le s  

would b e  h e l p f u l .  

The quench ing  o f  metastable s t a t e s  h y  wall cnllisinns h r s  

n o t  been  s t u d i e d  e x t e n s i v e l y ,  b u t  worke r s  a t  t h e  Smi thson ian  

A s t r o p h y s i c a l  L a b o r a t o r y  ( C a r l e t o n ,  1966) s t a t e  tha t  m e t a s t a b l e  

N2 has a ( 4 0 %  _+ 2 0 % )  chance  of  bounc ing  from a t e f l o n  s u r f a c e  

w i t h o u t  b e i n g  d e - e x c i t e d .  For  t h e  e x p e r i m e n t s  under  c o n s i d e r a t i o n  

i n  t h i s  r e p o r t ,  however ,  i t  i s  i m p o r t a n t  to have c o l l i m a t o r  mater- 

i a l s  which a re  v e r y  e f f i c i e n t  for quench ing ;  metal  s u r f a c e s  s h o u l d  

s e r v e  w e l l  i n  t h i s  c a p a c i t y .  
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/=? Metal detector surface 

Molecular energy 
levels with metastable 
state about lOeV 
above ground state 

GMolecu lor  ground state filled 
by electron from metal 

F i g u r e  6 . 1  Auger D e t e c t i o n  
A s  t h e  n e u t r a l ,  metastable molecu le s  comes n e a r  t o  
t h e  me ta l  s u r f a c e  o f  t h e  Auger d e t e c t o r ,  a n  e l e c t r o n  
from t h e  c o n d u c t i o n  band i n  t h e  metal o c c u p i e s  t h e  v a c a n t  
molecu la r  ground s t a t e .  The molecu le  t h e n  f i n d s  i t s e l f  
w i t h  a n  e x t r a  e l e c t r c n  which i s  p rompt ly  e j e c t e d .  The 
e j e c t e d  "Auger" e l e c t r o n  can  t h e n  be coun ted  w i t h  an  
e l e c t r o n  m u l t i p l i e r .  
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6 .  EXPERIMENTS ON DETECTORS OF METASTABLE MOLECULES 

6 . 1  AUGER DETECTORS 

The esserliia-i l”e5t-ui.e “l” ari el”l”icier-*t k-ugei. detectoi?  is a 

s u r f a c e  t h r o u g h  which e l e c t r o n s  can  t u n n e l  e a s i l y  ( F i g u r e  6 . 1 ) .  

The mater ia l  to be  used  depends upon t h e  atom or molecu le  to b e  

d e t e c t e d .  

For measurements  o f  m e t a s t a b l e  he l ium,  a r g o n ,  and o t h e r  

sys t ems  i n  which t h e  metastable s t a t e  i s  more t h a n  1 0  ev above t h e  

ground s t a t e ,  t h e  c h o i c e  i s  not c r i t i c a l ,  There are d e f i n i t e  

a d v a n t a g e s  to s e l e c t i n g  a m a t e r i a l  w i t h  a h i g h  e l e c t r o n i c  work 

f u n c t i o n  to minimize  t h e  u n d e s i r e d  background from p h o t o n s ,  

e x c i t e d  m o l e c u l e s  n o t  o f  i n t e r e s t ,  and o t h e r  s o u r c e s  o f  n o i s e .  

Fo r  sys t ems  w i t h  l ower  m e t a s t a b l e  e n e r g y  (oxygen,  magnesium, 

e t c . ) ,  i t  i s  d e s i r a b l e  t o  have a low work f u n c t i o n  metal  f o r  t h e  

d e t e c t o r  s u r f a c e .  L u r i o  and h i s  a s s o c i a t e s  ( L u r i o ,  1 9 6 2 )  a t  t h e  

IBM Watson l a b o r a t o r i e s  have employed a f r e s h l y  d e p o s i t e d  ces ium 

s u r f a c e  f o r  which t h e  work f u n c t i o n  i s  abou t  1 . 8  e v .  Metastable 

s t a t e s  w i t h  e x c i t a t i o n  e n e r g i e s  as low as 2 . 2  ev (Ca p )  have been  

d e t e c t e d  on the ces ium s u r f a c e s ,  and  2 . 7  ev s t a t e s  a re  s e e n  

r o u t i n e l y .  The cesium s u r f a c e s  a r e  c o n t i n u a l l y  d e p o s i t e d  d u r i n g  

t h e  measurements  of t h e  m e t a s t a b l e  s p e c i e s .  The measurements  a re  

made i n  oil-pumped sys t ems  w i t h  an  ambient  p r e s s u r e  o f  abou t  

torr w i t h  a l i q u i d  n i t r o g e n  t r a p  s u r r o u n d i n g  most o f  t h e  d e t e c t o r .  

Without  c o n t i n u a l  d e p o s i t i o n ,  t h e  e f f i c i e n c y  o f  t h e  d e t e c t o r  f a l l s  

r a p i d l y  w i t h  t ime .  

3 

The p r e s e n t  d i s c u s s i o n  i s  concerned  w i t h  t h e  s u i t a b i l i t y  o f  

Auger d e t e c t o r s  f o r  s a t e l l i t e - b o r n e  e x p e r i m e n t s .  I n f o r m a t i o n  
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abou t  t h e  long-range  s t a b i l i t y  and s e n s i t i v i t y  to c o n t a m i n a t i o n  

of  d e t e c t o r s  f o r  m e t a s t a b l e  n i t r o g e n  i s  of p a r t i c u l a r  i n t e r e s t .  

To o b t a i n  i n f o r m a t i o n  on t h e s e  q u e s t i o n s ,  a n  a p p a r a t u s  f o r  t h e  

g e n e r a t i o n  and d e t e c t i o n  o f  m e t a s t a b l e  g a s  beams h a s  been  se t  up.  

On t h e  basis  of t h e  e x p e r i m e n t s  per formed w i t h  c l e a n  and  contami-  

n a t e d  d e t e c t o r s ,  i t  i s  concluded  t h a t  t h e  Auger d e t e c t o r  i s  q u i t e  

s u i t a b l e  f o r  t h e  p roposed  a p p l i c a t i o n s .  

6 . 2  EXPERIMENTAL APPARATUS 

The a p p a r a t u s  c o n s i s t s  o f  a g a s - h a n d l i n g  sys t em and  a vacuum 

chamber which c o n t a i n s  an  e l e c t r o n  gun and t h e  d e t e c t o r  i t s e l f .  

An o v e r a l l  view of t h e  a p p a r a t u s  i s  shown i n  F i g u r e  6 . 2 .  The 

i n t e r i o r  of  t h e  vacuum chamber i s  shown i n  F i g u r e  6 . 3 .  

The vacuum chamber i s  c y l i n d r i c a l  w i t h  a d i a m e t e r  o f  30 cm 

and h e i g h t  o f  30 cm, and i s  pumped w i t h  a 4 0 0  R/sec o i l - d i f f u s i o n  

pump. With no g a s  i n p u t  t h e  p r e s s u r e  i n  t h i s  chamber i s  e a s i l y  

r educed  to l e s s  t h a n  torr. 

6 . 2 . 1  The Gas-handl ing  System 

A s chemat i c  d iagram o f  t h e  g a s - h a n d l i n g  sys t em i s  shown i n  

F i g u r e  6 . 4 .  The s t o r a g e  volume o f  a p p r o x i m a t e l y  1 . 6  l i t e r s c o n -  

t a i n s  g a s  a t  a p r e s s u r e  o f  abou t  1 0 0  torr. The n e e d l e  v a l v e  i s  

used  to r e g u l a t e  t h e  g a s  f l o w  i n t o  t h e  d e l i v e r y  volume s o  t h a t  

t h e  p r e s s u r e  i n  i t  i s  s e v e r a l  cm o f  a i l .  The manometer o i l  i s  

Oct ,o i l -S ,  chosen for i t s  low vapor  p r e s s u r e .  

6 . 2 . 2  The E l e c t r o n  Gun 

The e l e c t r o n  gun,shown on t h e  l e f t  i n  F i g u r e  6 . 3  and i n  F i g u r e  



. 
6.5, c o n s i s t s  of' a s p i r a l  f'iiaiiict-it of tiifigstzn w i r e  mounted paral- 

l e l  to and below t h e  m o l e c u l a r  beam, and  o f  a ho l low semi -cy l in -  

d r i c a i  anode mounieir a 'uuve t i l e  beaili. Eiectiloi-i coi>f'ii-isment is 

enhanced  by p l a c i n g  t h e  whole assembly  between t h e  p o l e s  o f  a 1500 g 

magnet .  The f i l a m e n t  is 2 c m l o n g ,  and t h e  s p a c e  between i t  and 

t h e  anode  i s  s l i g h t l y  l e s s  t h a n  1 em. The f i l a m e n t  i s  hea ted  by 

6 A  a c  and t h e  anode c u r r e n t  drawn r a n g e s  between 0 . 3  and 2 . 0  m a  

f o r  a p p l i e d  p o t e n t i a l s  o f  5 to 3 0  V .  Suppor t  f o r  t h e  f i l a m e n t  is 

p r o v i d e d  by two n i c k e l  wires  which a l s o  a c t  as c u r r e n t  l eads .  

6 . 2 . 3  The D e t e c t i o n  System 

The beam emerging  from t h e  c o l l i m a t o r  c o l l i d e s  w i t h  a tung-  

s t e n  (or o t h e r  meta l )  p l a t e  mounted on t h e  end o f  a t u b e  which  can  

be  moved back and  f o r t h  t o  change t h e  l e n g t h  o f  t h e  beam p a t h .  

A f r a c t i o n  (%lo%) o f  t h e  m e t a s t a b l e  m o l e c u l e s  e j e c t  e l e c t r o n s  from 

t h i s  Auger s u r f a c e  p l a t e ,  and a f r a c t i o n  o f  t h e s e  e l e c t r o n s  a r e  i n  

turn r e c e i v e d  by a c o l l e c t o r  mounted on t h e  same t u b e .  The re-  

s u l t i n g  c u r r e n t  i s  measured w i t h  a K e i t h l e y  610  BR e l e c t r o m e t e r .  

Both t h e  Auger s u r f a c e  and t h e  c o l l e c t o r  are e l e c t r i c a l l y  i s o l a t e d  

( t h e  l a t t e r  h a v i n g  a r e s i s t a n c e  to ground o f  t h e  o r d e r  o f  1 0  - 12 

Q), and t h e  Auger s u r f a c e  i s  b i a s e d  a t  - 2 2  1 / 2  v r e l a t i v e  to 

ground .  The c o l l e c t o r  remains e s s e n t i a l l y  a t  ground p o t e n t i a l .  

The movable t u b e , o f  1/2'$ diameter  s t a i n l e s s  s t e e l ,  i s  i n s e r t e d  

i n t o  t h e  e x p e r i m e n t a l  chamber t h r o u g h  a g l a n d .  Mechanica l  s u p p o r t  

i s  p r o v i d e d  by t e f l o n  r i n g s ,  and vacuum s e a l i n g  i s  p r o v i d e d  b y  a n  

O-r ing.  The s i g n a l  i s  f e d  f r o m  t h e  c o l l e c t o r  to t h e  e l e c t r o m e t e r  

by means of a c o a x i a l  c a b l e .  
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Figure 6.2 Apparatus f o r  Experiments on Detectors 

The manometers and other parts of the gas handling 
system are mounted on the rack shown at the left of 
the figure. The vacuum chamber and pumping system are 
in the center. The electrometer and other electronic 
equipment are mounted on the rack at the right. 

of Metastable Molecules. 
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3 MAGNET FOR 
ELECTRON 

CONFINEMENT 

F i g u r e  6 . 3  I n t e r i o r  o f  Vacuum Chamber. 
A d i v i d i n g  wal l  ( c e n t e r )  s e p a r a t e s  t h e  e l e c t r o n  gun 
a s s e m b l y  on t h e  l e f t  from t h e  d e t e c t o r  u n i t  a t  t h e  r i g h t .  
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Figure 6.5 Electron g u n ,  snowing filament, anode, and 
magnet. 
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6 . 3  EXPERIMENTAL PROCEDURE 

A t y p i c a l  t r i a l  r u n  c o n s i s t s  of mount ing  t h e  d e t e c t o r  su r ' f ace  

under  examina t ion ,  o f  pumping t h e  sys t em f o r  a b o u t  a n  h o u r  to 

o b t a i n  a p r e s s u r e  o f  1 x 1 0  torr or l e s s ,  and  t h e n  o f  measu r ing  

t h e  beam s i g n a l  and t h e  d e t e c t o r  background f o r  a v a r i e t y  o f  g a s e s  

a s  a f u n c t i o n  o f  g a s  f l u x ,  e l e c t r o n  c u r r e n t ,  and  e l e c t r o n  e n e r g y .  

Wfth l a r g e  g a s  f l u x ,  t h e  sys t em p r e s s u r e  g o e s  as h i g h  as 1 x 

t o r r  e 

-6 

I n  expe r imen t s  l i k e  t h e  one d e s c r i b e d ,  t h e  s i g n a l  due to 

metastable atoms must b e  d i s t i n g u i s h e d  from t h a t  o f  s t r a y  i o n s  

and e l e c t r o n s ,  and t h a t  due to e l e c t r o n s  e j e c t e d  by u l t r a v i o l e t  

p h o t o n s .  The 1 5 0 0  g a u s s  magne t i c  f i e l d  i n  t h e  e l e c t r o n  bombard- 

ment r e g i o n  p r e v e n t s  t h e  d r i f t  o f  s t r a y  c h a r g e d  p a r t i c l e s  to t h e  

d e t e c t o r ,  wh i l e  a t u b e  c o l l i m a t o r  s e r v e s  to s h i e l d  t h e  Auger 

s u r f a c e  from t h e  d i r e c t  view o f  t h e  b r i g h t  f i l a m e n t .  U l t r a v i o l e t  

pho tons  from e x c i t e d  gas m o l e c u l e s  a r e  n o t  a problem,  as v e r i f i e d  

b y  r u n n i n g  a beam o f  0 t h r o u g h  t h e  a p p a r a t u s .  M o l e c u l a r  oxygen 

does  not have m e t a s t a b l e  s t a t e s  a t  h i g h  enough e n e r g i e s  to e j e c t  

e l e c t r o n s  from u n s e n s i t i z e d  s u r f a c e s ,  b u t  t h e  bombarding e l e c t r o n s  

s h o u l d  e x c i t e  r o u g h l y  t h e  same number o f  u l t r a v i o l e t  t r a n s i t i o n s  i n  

O2 a s  i n  N2. 

u l t r a v i o l e t  photons  a r e  n o t  r e s p o n s i b l e  f o r  t h e  s i g n a l s  s e e n  w i t h  

N2, A r ,  H e  and a i r ,  

2 

The v e r y  small  s i g n a l  s e e n  w i t h  O2 i n d i c a t e s  t h a t  

The g a s e s  used  f o r  t h e s e  t e s t s  are  h e l i u m ,  a r g o n ,  n i t r o g e n ,  

and oxygen; i n  a d d i t i o n ,  t e s t s  have been  made w i t h  u n d r i e d  a i r  

f rom t h e  l a b o r a t o r y .  The g a s e s ,  o b t a i n e d  from an i n d u s t r i a l  sup- 

p l i e r ,  a re  n o t  f r e e  o f  c o n t a m i n a n t s ;  t h e  samples  are  o f  a p u r i t y  

such  t h a t  no f o r e i g n  g a s  e m i s s i o n  l i n e s  a re  v i s i b l e  when a d i s c h a r g e  

a 4  



I 

of  t h e  g a s  i n  q u e s t i o n  i s  examined w i t h  a hand s p e c t r o s c o p e ,  b u t  

t h i s  t e s t  i s  n o t  a s e n s i t i v e  one f o r  i m p u r i t i e s .  Gases from i n d u s -  

t r i a l  s u p p l i e r s  g e n e r a l l y  have p u r i t i e s  b e t t e r  t h a n  95%, however ,  

and small amounts o f  i m p u r i t i e s  w i l l  n o t  a f f e c t  t h e  i n t e r p r e t a t i o n  

of t h e  e x p e r i m e n t a l  r e s u l t s  g iven  i n  t h i s  r e p o r t .  

No t r a p s  have been  employed to keep water vapor  o u t  o f  t h e  g a s  

beams; i n  f a c t ,  some o f  t h e  t e s t s  w i t h  a i r  have been  made w i t h  

samples  t a k e n  from t h e  l a b o r a t o r y  on days  when t h e  humid i ty  h a s  

been  v e r y  h i g h .  These  samples  have been  chosen  d e l i b e r a t e l y  t o  

t e s t  t h e  s e n s i t i v i t y  of t h e  e n t i r e  sys t em t o  t h e  p r e s e n c e  o f  water 

v a p o r ,  s i n c e  t h e  u l t i m a t e  f l i g h t  e x p e r i m e n t s  may w e l l  have a s t r o n g  

H20 background.  

must b e  r e c a l l e d  t h a t  o u r  e l e c t r o n  gun c a t h o d e  i s  o f  p u r e  t u n g s t e n ;  

if a created or doped c a t h o d e  i s  u s e d ,  t h e n  t r o u b l e s  may be ex- 

p e c t e d  from H 0 .  

No d e l e t e r i o u s  e f f e c t s  have been  n o t e d ,  b u t  i t  

2 

6 . 4  PERFORMANCE OF METASTABLE DETECTOR 

6 . 4 . 1  Clean  S u r f a c e s  

The g a s  beam sys t em d e s c r i b e d  i n  t h e  p r e v i o u s  p a r a g r a p h s  h a s  

been  used  to t e s t  t h e  o p e r a t i o n  o f  v a r i o u s  metal  s u r f a c e s  f o r  t h e  

d e t e c t i o n  o f  beams o f  m e t a s t a b l e  a toms.  The d e t e c t o r  o p e r a t i o n  

h a s  been  examined as a f u n c t i o n  o f  beam s p e c i e s ,  o f  Auger s u p f a c e  

mater ia l  and i t s  p r e p a r a t i o n ,  and o f  g e n e r a l  sys t em h i s t o r y .  

B e f o r e  b e i n g  mounted, t h e  d e t e c t o r  i s  c l e a n e d  w i t h  a b r a s i v e s  

and o r g a n i c  s o l v e n t s ;  d u r i n g  t h e  t i m e  o f  mount ing  and  sys t em pump- 

down, t h e  d e t e c t o r  i s  exposed to t h e  l a b o r a t o r y  a i r  and t h e  back- 
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I 
s t r e a m i n g  pump o i l s .  I n  t h e  p r e s e n t  sys t em,  t h e r e  i s  no  p r o v i s i o n  

f o r  c l e a n i n g  t h e  d e t e c t o r  a f t e r  sys t em e v a c u a t i o n .  For s u b s e q u e n t  

wolak, i t  may be d e s i r a b l e  to have a way o f  b a k i n g  t h e  d e t e c t o r  

s u r f a c e  when t h e  vacuum i s  below 1 0  torr. By t h e  u s u a l  s u r f a c e  

p h y s i c i s t ' s  s t a n d a r d s ,  t h e  " c l e a n "  d e t e c t o r  c o n d i t i o n  i n  t h e s e  

e x p e r i m e n t s  i s  r a t h e r  d i r t y ;  however,  t h e  c l e a n e d  s u r f a c e  d o e s  

p r o v i d e  a r e f e r e n c e  a g a i n s t  which to compare t h e  measurements  i n  

which t h e  d e t e c t o r  s u r f a c e  h a s  been  g r o s s l y  c o n t a m i n a t e d .  

-6 

The a b s o l u t e  e f f i c i e n c y  o f  t h e  Auger d e t e c t o r s  u sed  i s  d i f f i -  

c u l t  t o  d e t e r m i n e  from t h e s e  e x p e r i m e n t s  b e c a u s e  o f  l a r g e  unce r -  

t a i n t i e s  i n  e l e c t r o n  beam d e n s i t y  and i n  g a s  beam d e n s i t y ,  b u t  o u r  

e s t i m a t e  o f  6 %  e f f i c i e n c y  f o r  metastable  N2 on t u n g s t e n  i s  i n  

a c c o r d  w i t h  t h e  r e s u l t s  o f  o t h e r s  ( F r 2 u n d ,  lg64i. 

6 . 4 . 2  E f f e c t  o f  Gross  Con tamina t ion  

Immedia te ly  a f t e r  s e v e r a l  o f  t h e  r u n s  w i t h  a c l e a n  d e t e c t o r ,  

t h e  s y s t e m  was opened b r i e f l y ,  and t h e  d e t e c t o r  s u r f a c e  was t h o r -  

oughly  covered  w i t h  f i n g e r p r i n t s ;  t h e  s y s t e m  w a s  immedia t e ly  

pumped down, and t h e  g a s  f l o w  r a t e  and e l e c t r o n  gun c o n d i t i o n s  

were r e e s t a b l i s h e d .  The f i n g e r p r i n t s  had  no  a p p a r e n t  e f f e c t  on 

t h e  e f f i c i e n c y  o f  t h e  Auger d e t e c t o r  f o r  metastable  a r g o n  o r  

n i t r o g e n .  I n  one o f  t h e  t e s t s  o f  Auger d e t e c t o r s ,  t h e  c l e a n e d  

t u n g s t e n  s u r f a c e  was r e p l a c e d  w i t h  an  u n c l e a n e d  256 p i e c e  d i r e c t  

f rom t h e  e x p e r i m e n t e r ' s  pocke t  ( F i g u r e  6 . 6 ) .  The d e t e c t i o n  

e f f i c i e n c y  o f  t h e  c o i n  was a b o u t  t h e  same as t h a t  o f  t h e  t u n g s t e n .  
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Figure 6.6 Contaminated surface for Auger detection. 
An unclean coin gives about the same detection 
efficiency as the "clean" tungsten surface 
described in Section 6.4.1. The metastable 
beam emerges from the hole shown in the upper 
right of the figure. 
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6e4.3 S t a b i l i t y  

A comparison o f  o u r  r e s u l t s  w i t h  t h o s e  o f  o t h e r s  ( F r e u n d ,  

1 9 6 4 )  l eads  u s  to b e l i e v e  t h a t  t h e  s t a b i l i t y  o f  a g i v e n  s u r f a c e  

f o r  Auger d e t e c t i o n  depends on t h e  d i f f e r e n c e  be tween t h e  work 

f u n c t i o n  Q, o f  t h e  s u r f a c e  and t h e  e n e r g y  EM o f  t h e  metastable  s t a t e  

i n  q u e s t i o n .  

n u s t  b e  p r e p a r e d  c a r e f u l l y  and k e p t  f r e e  of c o n t a m i n a t i o n .  If t h e  

d i f f e r e n c e  i s  r e l a t i v e l y  l a r g e  (on  t h e  o r d e r  o f  5 e v ) ,  as i s  t h e  

c a s e  w i t h  t h e  g a s e s  used  i n  o u r  e x p e r i m e n t s ,  t h e n  s p e c i a l  s u r f a c e  

p r e p a r a t i o n  does n o t  seem n e c e s s a r y .  It  s h o u l d  b e  n o t e d  t h a t  long-  

t e r m  changes  s m a l l e r  t h a n  1 0 %  a re  d i f f i c u l t  to i n t e r p r e t  i n  t h e  

p r e s e n t  expe r imen t s  because  o f  v a r i a t i o n s  i n  g a s  f l u x  and e l e c t r o n  

gun c o n d i t i o n s .  On t h e  o t h e r  hand ,  s i n c e  measurements  i n  t h e  p ro -  

posed  s a t e l l i t e  expe r imen t  w i l l  be made on a s c a l e  o f  m i n u t e s  d u r i n g  

p e r i g e e ,  l o n g  t e rm changes  i n  d e t e c t o r  e f f i c i e n c y  a re  r e l a t i v e l y  

i n c o n s e q u e n t i a l .  

I f  t h e  d i f f e r e n c e  EM-@ i s  small ,  t h e n  t h e  s u r f a c e  

6 . 5  FURTHER DISCUSSION 
6.5.1 Source f o r  Cesium D e p o s i t i o n  o f  Auger S u r f a c e  

I f  i t  i s  d e s i r e d  to employ a d e p o s i t e d  ces ium s u r f a c e  f o r  

d e t e c t i o n  o f  low- ly ing  metastable  s t a t e s ,  t h e  ces ium beam i s  u s u a l l y  

g e n e r a t e d  i n  a smal l  metal oven h e a t e d  to 80' C .  

c o n d i t i o n s ,  t h e  oven f o r  t h e  a l k a l i  i s  l o a d e d  unde r  an i n e r t  g a s  

a tmosphere  and  t h e n  q u i c k l y  pumped down to minimize  t h e  r e a c t i o n  

of  t h e  a l k a l i  oven l o a d  w i t h  t h e  a i r .  F o r  s a t e l l i t e  e x p e r i m e n t s ,  

however,  t h e  cesium may r e a c t  w i t h  t h e  a tmosphe re  d u r i n g  t h e  l o n g  

Under l a b o r a t o r y  
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i n t e r v a l  between t h e  t ime  o f  u n i t  a s s e m b l y  and t h e  t i m e  o f  l a u n c h ;  

u n l e s s  some p r o v i s i o n  i s  made t o  s e a l  o f f  t h e  a l k a l i  oven l o a d ,  t h e  

ces ium may n o t  be  a v a i l a b l e  t o  c o a t  t h e  Auger s u r f a c e  p r o p e r l y .  

B e a m s  o f  cesium from ovens c o n t a i n i n g  cesium c h l o r i d e  t o g e t h e r  

w i t h  c h i p s  o f  c a l c i u m  have been p roduced .  T h i s  combina t ion  i s  

s t a b l e  f o r  l o n g  p e r i o d s  of t ime  i f  t e m p e r a t u r e s  a r e  k e p t  below 

50' C and  if s t o r a g e  i s  unde r  a f a i r l y  d r y  a tmosphe re .  

oven i s  h e a t e d ,  t h e  s u b s t i t u t i o n  r e a c t i o n  2 C s C 1  + Ca + C a C 1 2  + 2Cs 
p r o v i d e s  a s t e a d y  s u p p l y  of  cesium. With such  an  a r r angemen t ,  no 

h i g h l y  r e a c t i v e ,  p u r e  ces ium m e t a l  need  be exposed  to t h e  p r e -  

l a u n c h  c o n d i t i o n s .  A v a r i e t y  o f  cesium and rub id ium h a l i d e s  have 

been  t e s t e d  i n  t h i s  l a b o r a t o r y  and a l l  seem t o  go e q u a l l y  w e l l .  

When t h e  

6 . 5 . 2  1 L i f e t i m e  o f  t h e  a n Metastable S t a t e  of' g N2 
I n  t h e  p r e s e n t  sys t em t h e  m e t a s t a b l e  d e t e c t o r  can  b e  t r a n s -  

l a t e d  a l o n g  t h e  a x i s  o f  t h e  beam. Consequen t ly ,  a measurement o f  
1 t h e  l i f e t i m e  o f  N 2 ( a  rl ) ,  b e l i e v e d  to b e  on t.he o r d e r  o f  2 x 

g 
seconds  ( L i c h t e n ,  1957)) was t r i e d .  The s h o r t  l i f e t i m e  i m p l i e s  t h a t  

t h e  s i g n a l  f rom t h i s  component o f  metastable  N s h o u l d  be  a s t r o n g  

f u n c t i o n  o f  t h e  e l e c t r o n  g u n - d e t e c t o r  d i s t a n c e .  The measurement 

on a n 

a l s o  metastable  w i t h  a l i f e t i m e  i n  e x c e s s  o f  lo-* seconds  ( C a r l e t o n  

2 

1 i s  c o m p l i c a t e d  by t h e  f a c t  t h a t  t h e  A31: s t a t e  o f  N 2  i s  
g 

and Oldenberg ,  1 9 6 2 ) ,  and t h e  p r e s e n t  e l e c t r o n  gun does  n o t  have 

s u f f i c i e n t  ene rgy  r e s o l u t i o n  t o  e x c i t e  o n l y  one o f  t h e s e  s t a t e s .  

However, t h e  r e s u l t s  show a d i s t i n c t  decay  i n  t h e  N 2  m e t a s t a b l e  

p o p u l a t i o n  a t  a r a t e  c o n s i s t e n t  w i t h  t h e  2 x s e c  l i f e t i m e  o f  

t h e  s h o r t e r  l i v e d  s t a t e .  A nefl a p p a r a t u s  i s  b e i n g  used  t o  make a 

p r e c i s i o n  measurement of t h e  l i f e t i m e s .  
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7 .  TEST SURFACES FOR G A S  INTERACTION 

7 . 1  SELECTION OF TEST SURFACES 

With a f a i r l y  s i m p l e  i n d e x i n g  mechanism, i t  w i l l  b e  p o s s i b l e  

to s t u d y  t h e  i n t e r a c t i o n  o f  f o u r  to s i x  d i f f e r e n t  s u r f a c e s  w i t h  

t h e  incoming m o l e c u l a r  f l u x .  The common s p a c e c r a f t  ma te r i a l s ,  

such  as s t a i n l e s s  s t e e l ,  a l u m i n u m , t i t a n i u m ,  and s o l a r  c e l l  u n i t s ,  

w i l l  b e  examined. S i n c e  t h e  a c t u a l  s e l e c t i o n  o f  t a r g e t  s u r f a c e s  

w i l l  n o t  i n f l u e n c e  t h e  g e n e r a l  d e s i g n  o f  t h e  e x p e r i m e n t ,  changes  

can  b e  made a t  any t i m e .  

A c a l i b r a t i o n  s u r f a c e  f o r  one o f  t h e  t a r g e t  i n d e x e r  p o s i t i o n s  

w i l l  b e  u s e f u l .  The s u r f a c e  s h o u l d  b e  a t o m i c a l l y  c l e a n  and smooth 

d u r i n g  t h e  time when t h e  g a s - s u r f a c e  i n t e r a c t i o n  i s  b e i n g  measured .  

S i n c e  s u r f a c e s  a r e  known to c o n t a m i n a t e  v e r y  r a p i d l y  i n  t imes on 

t h e  o r d e r  o f  minu te s  even  i f  background g a s  i s  p r e s e n t  a t  

t o r r ,  i t  w i l l  b e  n e c e s s a r y  to p r e p a r e  t h e  c a l i b r a t i o n  (or " s c i e n -  

t f f i c ' ' )  s u r f a c e  w h i l e  t h e  expe r imen t  i s  i n  o r b i t ,  j u s t  b e f o r e  

t h e  measurements on t h a t  p a r t i c u l a r  s u r f a c e  a re  made. V a r i o u s  

w a y s  f o r  p r e p a r i n g  t h e  s u r f a c e  have  been  c o n s i d e r e d ,  and  two 

methods have been used  i n  p r e l i m i n a r y  l a b o r a t o r y  work. 

7.2 LABORATORY STUDY OF VAPOR-DEPOSITED SURFACES 

7 . 2 . 1  Molecular  D i s s o c i a t i o n  as D e p o s i t i o n  Method 

S a t i s f a c t o r y  r e p r o d u c i b l e  f i l m s  o f  c o n t r o l l e d  t h i c k n e s s  and 

s u r f a c e  c h a r a c t e r  can  be made from a v a r i e t y  o f  mater ia ls  b y  

h e a t i n g  a s m a l l  q u a n t i t y  o f  t h e  ma te r i a l  of i n t e r e s t  beyond i t s  

m e l t i n g  t e m p e r a t u r e  and  by a l l o w i n g  t h e  r e s u l t i n g  v a p o r  to condense  

on a s u i t a b l e  s u b s t r a t e .  F o r  most metals a c o n s i d e r a b l e  amount o f  
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e l e c t r i c a l  h e a t i n g  power i s  n e c e s s a r y  to d e p o s i t  a u s a b l e  f i lm  o v e r  

a n  a r e a  o f  1 em . Thus, t h i s  method does  no t  seem s u i t e d  f o r  f i r s t  

orbital e x p e r i m e n t s .  

2 

An a l t e r n a t i v e  method ( F r a z e r ,  e t  a1  1959 ;  Greene,  1961) i n  - -, 
which a m o l e c u l a r  vapor  i s  made t o  d i s s o c i a t e  t h e r m a l l y  on a 

h e a t e d  s u b s t r a t e  o f f e r s  a w a y  to d e p o s i t  a c l e a n  t a r g e t  s u r f a c e  

w i t h o u t  u s i n g  an  e x t r a o r d i n a r y  amount o f  power from s p a c e c r a f t  

b a t t e r i e s .  Under t h e  p r e s e n t  e t u d y  c o n t r a c t ,  e x p e r i m e n t s  have 

been  conduc ted  i n  which u l t r a - p u r e  t u n g s t e n  s u r f a c e s  have been  

formed by a l l o w i n g  t u n g s t e n  hexaca rbony l  W(CO)6 t o  d i s s o c i a t e  on a 

w a r m  metal back ing  s u r f a c e .  Examinat ion  o f  t h e  r e s u l t i n g  t u n g s t e n  

d e p o s i t s  w i t h  a n  o p t i c a l  microscope ,  as w e l l  as measurements  o f  

t h e  work f u n c t i o n  and i o n  e m i t t i n g  p r o p e r t i e s ,  s t r o n g l y  s u g g e s t  

t h a t  t h e  s u r f a c e s  are  r e p r o d u c i b l y  p u r e  and un i fo rm.  

7 . 2 . 2  E x p e r i m e n t a l  Appara tus  

The e x p e r i m e n t s  on d i s s o c i a t i o n  d e p o s i t i o n  o f  t u n g s t e n  have 

been  c a r r i e d  o u t  i n  a s m a l l  vacuum sys t em which can  be pumped t o  

torr by i t s  2 0 0  & / s e e  o i l  d i f f u s i o n  pump and l i q u i d  n i t r o g e n  

t r a p .  Mounted i n  t h e  c e n t e r  o f  t h e  chamber i s  a small s e c t i o n  o f  

a c o n d u c t i n g  m a t e r i a l  on w h i c h  t h e  t u n g s t e n  i s  t o  b e  d e p o s i t e d .  

Mechanica l  s u p p o r t  f o r  t h i s  t a r g e t  i s  p r o v i d e d  by two c o n d u c t o r s  

which lead  to a n  e x t e r n a l  cur ren t ,  supp ly  v i a  vacuum f e e d - t h r o u g h s .  

The e n t i r e  t a r g e t  assembly i s  m a i n t a i n e d  a t  + 2 2  v o l t s  w i t h  r e s p e c t  

to ground by a b a t t e r y  i n  o r d e r  t o  make i o n  e m i s s i o n  measurements  

a f t e r  t h e  d e p o s i t i o n  i s  completed.  The i n s u l a t i o n  r e s i s t a n c e  o f  

t h e  t a r g e t  c i r c u i t  need be o n l y  h i g h  enough t o  a v o i d  d p a i n i n g  t h e  

22 -vo l t  b a t t e r y .  
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A c o l l e c t o r  e l e c t r o d e  i s  mounted a b o u t  5 mm from t h e  t a r g e t .  

T h i s  e l e c t r o d e  i s  coup led  to a Cary Model 31 v i b r a t i n g  r e e d  e l e c -  

t r o m e t e r  t h rough  a c a r e f u l l y  c l e a n e d  vacuum f e e d - t h r o u g h .  The 

i n s u l a t i o n  r e s i s t a n c e  o f  t h e  c o l l e c t o r  c i r c u i t  must b e  k e p t  h i g h e r  

t h a n  t h e  ohm i n p u t  impedance o f  t h e  e l e c t r o m e t e r  c i r c u i t .  

A s h o r t  me ta l  s i d e  arm o f  t h e  vacuum e n v e l o p e  c o n t a i n s  a 

r e s e r v o i r  f o r  t h e  c a r b o n y l  sample .  The s i d e  a r m  i s  p r o v i d e d  

w i t h  a s i m p l e  e x t e r n a l  e l e c t r i c  or g a s  h e a t e r  to w a r m  t h e  sample .  

7 . 2 . 3  Exper imen ta l  P rocedure  

The t a r g e t  m a t e r i a l  on which t h e  t u n g s t e n  i s  to b e  d e p o s i t e d  

i s  chosen  a r b i t r a r i l y  f rom rhenium,  t a n t a l u m ,  t u n g s t e n ,  or p l a t i n u m -  

t u n g s t e n  a l l o y  ( 9 2 %  Pt, 8% W ) .  E x p e r i e n c e  w i t h  t h e  above samples  

i n d i c a t e s  t h a t  t h e  c h a r a c t e r i s t i c s  o f  t h e  d e p o s i t e d  s u r f a c e  a re  

i n d e p e n d e n t  of  t h e  s u b s t r a t e  m a t e r i a l .  Wire or r i b b o n  t a r g e t s  o f  

1 em l e n g t h  a r e  u s e d ;  a t y p i c a l  t a r g e t  i s  a 0.025 mm diameter  w i re  

which i s  b u i l t  up to 0 . 2 5  mm diameter  ( a  t e n f o l d  i n c r e a s e )  by v a p o r  

d e p o s i t i o n .  

A f t e r  t h e  t a r g e t  i s  mounted and t h e  t u n g s t e n  c a r b o n y l  ( ~ 1  gm) 

i s  l o a d e d ,  t h e  sys t em i s  e v a c u a t e d  and  t h e  t a r g e t  i s  h e a t e d  to 

600-7OO0C by a n  a p p r o p r i a t e  c u r r e n t .  The c a r b o n y l  r e s e r v o i r  i s  

t h e n  g e n t l y  h e a t e d  to a b o u t  4 O o C  ( n o t  c r i t i c a l ) ,  and d e p o s i t i o n  

b e g i n s  immedia t e ly .  The v a p o r i z i n g  W-carbonyl p r e s e n t s  a v e r y  

l a r g e  l o a d  f o r  t h e  p r e s e n t  vacuum s y s t e m ,  s o  t h a t  i t  i s  n o t  p o s s i b l e  

t o  c a r r y  o u t  t h e  d e p o s i t i o n  w i t h  t h e  d i f f u s i o n  pump on .  Dur ing  

d e p o s i t i o n  t h e  forepump ( 3  cfm) a l o n e  m a i n t a i n s  t h e  p r e s s u r e  a t  

a b o u t  torr. Because t h e  p r i n c i p a l  g a s  l o a d  i s  t h e  c a r b o n  

9 2  



I 
monoxide which e v o l v e s  from t h e  decompos i t ion  o f  W-carbonyl, i t  i s  

i m p o r t a n t  t h a t  t h e  forepump be v e n t e d  o u t s i d e  t h e  l a b o r a t o r y .  

T h e  r a t e  o f  d e p o s i t i o n  and t h e  u l t i m a t e  t h i c k n e s s  o f  a d e p o s i t  

can  b e  s a t i s f a c t o r i l y  c o n t r o l l e d .  F o r  example,  t h e  0 . 0 2 5  mm 

diameter  w i r e  can  b e  b u i l t  up to a d i a m e t e r  o f  0 . 2 5  mm i n  abou t  1 0  

m i n u t e s .  I n  s i t u a t i o n s  when t h e  c r o s s  s e c t i o n  o f  t h e  t a r g e t  

changes  d r a s t i c a l l y ,  as i n  t h i s  i n s t a n c e ,  it i s  n e c e s s a r y  to i n -  

c r e a s e  t h e  hea te r  c u r r e n t  g r a d u a l l y  i n  o r d e r  to m a i n t a i n  t h e  t a r g e t  

t e m p e r a t u r e .  

Af t e r  t h e  d e p o s i t i o n  has  been  comple ted ,  heat i s  removed from 

t h e  W-carbonyl and t h e  d i f f u s i o n  pump v a l v e  i s  opened i n  o r d e r  to 

b r i n g  t h e  p r e s s u r e  to 1 0  t o r r .  The spon taneous  p o s i t i v e  i o n  

e m i s s i o n  from t h e  t a r g e t  i s  t h e n  measured as a f u n c t i o n  o f  t a r g e t  

t e m p e r a t u r e .  F i n a l l y ,  t h e  s u r f a c e  i s  i n s p e c t e d  a t  400X w i t h  a 

mic roscope .  

-6 

7 . 2 . 4  T e s t s  o f  Depos i ted  S u r f a c e  

From e x t e n s i v e  e x p e r i e n c e  w i t h  wires  o f  rhenium, t u n g s t e n ,  

and t u n g s t e n  a l l o y ,  i t  i s  known (Da tz ,  e t  a 1  1960) t h a t  t h e  p o s i t i v e  

i o n  e m i s s i o n  from t h e  h e a t e d  s u r f a c e  can  o r i g i n a t e  i n  t h e  body o f  t h e  

- - 3 -  

meta l  as w e l l  as from s u r f a c e  c o n t a m i n a t i o n .  The u s u a l  w i r e  

o b t a i n e d  from t h e  s u p p l i e r  c o n t a i n s  i m p u r i t i e s  f rom l a c k  o f  c a r e  

i n  m a n u f a c t u r e ,  as w e l l  as a d d i t i v e s ,  such  as p o t a s s i u m ,  which 

improve t h e  drawing  q u a l i t i e s  o f  t h e  t u n g s t e n .  The i o n  back- 

ground from these  wires i s  large and e r r a t i c  and i n c r e a s e s  markedly 

w i t h  t e m p e r a t u r e .  Wire o b t a i n e d  by drawing  s i n g l e  c r y s t a l s  o f  

t u n g s t e n  g e n e r a l l y  has a lower background f r e q u e n t l y  p u n c t u a t e d  b y  
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7.2.5 Discuss iGn of  t h e  D e p o s i t i o n  Exper iment  

The u s e  of d e p o s i t i o n  v i a  t h e r m a l  d i s s o c i a t i o n  f o r  

e x p e r i m e n t s  has  a number o f  a t t r a c t i v e  f e a t u r e s :  

(1) The t e m p e r a t u r e  n e c e s s a r y  to v a p o r i z e  t h e  smal 

o f  t h e  m e t a l  c a r b o n y l ,  t y p i c a l l y  4 O o C  i n  a v o l  

cm3, i s  e a s i l y  a c h i e v e d .  
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sa t e  

1 r e  

ume 

l l i t e  

s e r v o i r  

o f  0 . 1  

l a r g e  b u r s t s  o f  e m i t t e d  p o s i t i v e  i o n s .  These b u r s t s ,  which a r e  

known as t h e  “anomalous f l i c k e r  e f f e c t ’ ’  i n  vacuum t u b e  t e c h n o l o g y ,  

o c c u r  when a l a r g e  number (,%lo ) o f  i m p u r i t y  a toms c l u s t e r e d  a l o n g  

a d i s l o c a t i o n  i n  t h e  m i c r o c r y s t a l l i n e  s t r u c t u r e  o f  t h e  w i r e  a l l  

came o u t  a t  once.  

6 

I n  c o n t r a s t  t o  t h e  b e h a v i o r  o f  t h e  u s u a l  t u n g s t e n  wi re ,  t h e  

s u r f a c e s  formed w i t h  W-carbonyl e x h i b i t  a v e r y  low p o s i t i v e  i o n  

background w h i c h  i s  p r a c t i c a l l y  t e m p e r a t u r e  i n d e p e n d e n t  and n e a r l y  

devGid o f  l a r g e  i o n  b u r s t s .  These t e s t s  i n d i c a t e  t h e  much 

i n p r o v e d  p u r i t y  of  t h e  t u n g s t e n  s u r f a c e  formed by v a p o r  decom- 

p o s i t i o n .  V i s u a l  e x a m i n a t i o n  o f  t h e  s u r f a c e s  shows t h e  d e p o s i t s  

to be rough w i t h  a un i fo rm,  s e m i c r y s t a l l i n e  s t r u c t u r e .  The l i m i t e d  

pumping s p e e d  a v a i l a b l e  i n  t h e  p r e s e n t  a p p a r a t u s  has p r e v e n t e d  t h e  

f o r m a t i o n  o f  t h e  W-carbonyl s u r f a c e s  unde r  h i g h  vacuum c o n d i t i o n s .  

Accord ing  to Kaminsky (1965), a t a r g e t  t e m p e r a t u r e  o f  x7OO0C w i l l  

p r e v e n t  C O  from s t a y i n g  w i t h  t h e  s u r f a c e  d u r i n g  i t s  f o r m a t i o n ,  

b u t  c r a c k e d  pump o i l s  a n d  o t h e r  l nes idua l s  d o u b t l e s s  c o n t r i b u t e  t o  

s u r f a c e  i m p u r i t i e s .  It  w i l l  b e  i n t e r e s t i n g  t o  c a r r y  o u t  t h e  s u r -  

f a c e  f o r m a t i o n  e x p e r i m e n t s  w i t h  m e t a l  c a r b o n y l s  unde r  b e t t e r  vacuum 

c o n d i t i o n s .  



( 2 )  The power which i s  needed to w a r m  t h e  t a r g e t  s u b s t r a t e  

to 60OoC s e r v e s  to bake o u t  t h e  s u b s t r a t e  as w e l l  as to 

d i s s o c i a t e  t h e  vapor t h a t  s t r i k e s  i t .  

( 3 )  The e l e c t r i c a l  power r e q u i r e m e n t  i s  r e l a t i v e l y  v e r y  low 

( i t  i s  e s t i m a t e d  t h a t  d e p o s i t i o n  o f  a f i l m  em t h i c k  

on a 1 em2 t a r g e t  w i l l  r e q u i r e  a b o u t  1% o f  t h e  power 

needed to do t h e  same t h i n g  u s i n g  t h e  u s u a l  vapor  d e p o s i -  

t i o n  me thod) .  

(4) The m e t a l l i c  s u r f a c e  w i l l  b e  d e p o s i t e d  o n l y  on t h e  h e a t e d  

s u r f a c e  i n  t h e  a p p a r a t u s .  I n  t h e  u s u a l  vapor  d e p o s i t i o n  

s e t u p  e v e r y  exposed s u r f a c e  ( i n s u l a t o r s ,  e t c . )  i s  c o a t e d  

w i t h  t h e  v a p o r i z e d  mater ia l .  

Tungs ten  c a r b o n y l  has been used f o r  t h e  f o r m a t i o n  o f  s u r f a c e s  i n  

t h e s e  measurements ,  b u t  o t h e r  metal c a r b o n y l s  may e x h i b i t  s imilar  

p r o p e r t i e s .  

The t a r g e t  s u b s t r a t e  can  b e  heated to t h e  t e m p e r a t u r e  r e q u i r e d  

f o r  m o l e c u l a r  d i s s o c i a t i o n  b y  f o c u s i n g  t h e  r a y s  o f  t h e  sun  on t h e  

t a r g e t  w i t h  a small  conve rg ing  l e n s .  T h i s  p r o c e d u r e  r e d u c e s  t h e  

r e q u i r e d  power b y  a f a c t o r  of a t  l ea s t  1 0 0 0 .  H e a t i n g  t h e  t a r g e t  

i n  t h i s  manner becomes p a r t i c u l a r l y  a t t r a c t i v e  i f  t h e  e x p e r i m e n t s  

a r e  to b e  conduc ted  i n  a manned s p a c e  s t a t i o n ,  because  an a s t r o -  

n a u t  can  g u i d e  t h e  l e n s  for t he  s h o r t  t i m e  needed  to d e p o s i t  t h e  

c l e a n  s u r f a c e .  

7 . 3  LABORATORY STUDY OF CRYSTAL CLEAVING FOR A C A L I B R A T I O N  SURFACE 

C e r t a i n  c r y s t a l s ,  n o t a b l y  t h e  a l k a l i  h a l i d e s ,  a r e  e a s i l y  

c l e a v e d  a l o n g  t h e i r  c r y s t a l  p l a n e s .  The r e s u l t a n t  s u r f a c e s  a r e  
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known t o  be  m i c r o s c o p i c a l l y  r e g u l a r ,  s o  t h e y  p r o v i d e  u s e f u l  C a l i -  

b r a t i n g  s u r f a c e s ,  b o t h  f o r  l a b o r a t o r y  and  f l i g h t  e x p e r i m e n t s .  

Exper iments  on semi-automat ic  w a y s  t o  c l e a v e  l i t h i u m  f l u o r i d e  

have been  per formed unde r  t h e  p r e s e n t  c o n t r a c t .  S e v e r a l  dozen  

t r i a l s  have been made i n  which a p r i s m  o f  L iF  i s  mounted i n  a small 

g u i l l o t i n e  ( F i g u r e  7 . 1 ) #  t h e  c u t t i n g  edge  o f  which i s  a n  o r d i n a r y  

s i n g l e - e d g e d r a z o r  b l ade .  The b l a d e  i s  g i v e n  a s h a r p  impu l se  w i t h  

a s p r i n g  or wi th  t h e  t a p  o f  a hammer, and t h e  c r y s t a l  c l e a v e s  

n e a t l y .  The method works w e l l  i f  t h e  L i F  p r i s m  i s  p l a c e d  w i t h  c a r e  

and a small s t a r t i n g  g roove  i s  p r e p a r e d  i n  t h e  p r i s m  for t h e  b l ade .  

From many s t a n d p o i n t s ,  t h e  u s e  o f  a c l e a v e d  c r y s t a l  p l a n e  as a 

r e f e r e n c e  s u r f a c e  i s  a t t r a c t i v e .  I t s  s t r u c t u r e  i s  w e l l  u n d e r s t o o d ,  

t h e  e f f e c t  of  t h e  r e g u l a r  a r r a y  o f  a toms i n  t h e  c r y s t a l  on t h e  

m o l e c u l a r  f l u x  l e n d s  i t s e l f  t o  t h e o r e t i c a l  c a l c u l a t i o n s  as done 

by Oman and h i s  a s s o c i a t e s  (Oman, al, 1 9 6 4 ) ,  and i t  i s  p o s s i b l e  

t o  p r e p a r e  t h e  c l e a v e d  s u r f a c e  w i t h  a s i m p l e  mechanism w h i l e  t h e  

expe r imen t  i s  i n  o r b i t .  

7 . 4  DISCUSSION OF OTHER METHODS OF SURFACE PREPARATION 

R .  Oman and t h e  Grumman group (Grumman r e p o r t  on t h i s  s t u d y  

for t h e  month o f  March, 1967,  c o n t r a c t  NAS 8-21096) have s u g g e s t e d  

t h a t  t h e  s u r f a c e s  b e  p r e p a r e d  i n  t h e  l a b o r a t o r y  and e n c a p s u l a t e d  

unde r  u l t ra -vacuum c o n d i t i o n s  b e f o r e  b e i n g  s e n t  i n t o  o r b i t .  A 

n o b l e  g a s  b a c k f i l l  i s  t o  be  used  t o  minimize  s u r f a c e  c o n t a m i n a t i o n  

between t h e  t ime o f  p r e p a r a t i o n  and t h e  moment when t h e  c a p s u l e  

i s  opened and  t h e  s u r f a c e  i s  exposed  f o r  t h e  e x p e r i m e n t .  S i n c e  

v e r y  p u r e  hel ium w i l l  d e s o r b  v e r y  r e a d i l y  when t h e  sample i s  
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exposed  t o  t h e  vacuum of space ,  i t  a p p e a r s  t o  b e  t h e  b e s t  g a s  f o r  

backf i .11 .  The e f f i c a c y  of e n c a p s u l a t i o n  as s t o r a g e  f o r  a s c i e n -  

t i f i c  s u r f a c e  f o r  t i m e  on t h e  o r d e r  o f  days  has n o t  y e t  been 

d e m o n s t r a t e d ,  b u t  t h e  method has the v i r t u e  of v e r s a t i l i t y :  any 

s t ab le  m a t e r i a l  can  be  p r e p a r e d  and s e n t  up f o r  t h e  measurements .  

The c o n v e n t i o n a l  ways o f  p r e p a r i n g  s u r f a c e s  for s c i e n t i f i c  

i n v e s t i g a t i o n  have been  d i s c u s s e d  (Kaminsky, 1965, Chap te r  3,  

p p .  28-33, and r e f e r e n c e s  t h e r e  c i t e d ) ,  b u t  t h e i r  complex i ty  

and demands on s p a c e  c r a f t  power make them i l l - s u i t e d  for s p a c e  

e x p e r i m e n t s .  
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Figure 7.1 Guillotine for Crystal Cleaving 
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I 
8 .  SUMMARY AND RECOMMENDATIONS 

8 . 1  ACCOMPLISHMENTS OF THE STUDY 

The work pe r fo rmed  unde r  t h e  p r e s e n t  c o n t r a c t  i s  summarized 

below.  I n c l u d e d  w i t h  e a c h  e f f o r t  d e s c r i b e d  a re  i t s  i m p l i c a t i o n s  

f o r  a p o s s i b l e  s a t e l l i t e  expe r imen t .  

A v a r i e t y  o f  e x p e r i m e n t s  r e l e v a n t  t o  t h e  development  o f  an  

o r b i t a l  expe r imen t  u t i l i z i n g  a metastable t i m e - o f - f l i g h t  a n a l y z e r  

has been  pe r fo rmed :  

1) M o d i f i c a t i o n s  i n  m o l e c u l a r  v e l o c i t y  d i s t r i b u t i o n s  which 

a r i s e  f rom c o l l i s i o n s  between t h e  beam ( r e f l e c t e d )  

m o l e c u l e s  and t h e  background g a s  have been  s t u d i e d  

( S e c t i o n  4). It has been found t h a t  c o l l i m a t e d  m o l e c u l a r  

beams can  be  remarkably  d e f i c i e n t  i n  s low m o l e c u l e s  even  

i f  background p r e s s u r e s  a re  l e s s  t h a n  torr, b u t  t h a t  

these r e s u l t s  can  b e  u n d e r s t o o d  on t h e  bas i s  o f  k i n e t i c  

t h e o r y  and known c o l l i s i o n  c r o s s  s e c t i o n s .  Thus,  t h e  

e f f e c t s  o f  background gas s c a t t e r i n g  can  b e  a c c o u n t e d  

f o r  i n  data  r e d u c t i o n  b y  u s i n g  c a l c u l a t i o n s  based on 

k i n e t i c  t h e o r y .  

2 )  The use o f  t h e  Auger e l e c t r o n  e j e c t i o n  p r o c e s s  f o r  t h e  

d e t e c t i o n  o f  m e t a s t a b l e  n i t r o g e n  and  a r g o n  beams has been  

i n v e s t i g a t e d  ( S e c t i o n  6 ) .  It has been  found t h a t  a s e l e c -  

t i v e  metastable d e t e c t o r  which i s  a s t o n i s h i n g l y  i n s e n s i -  

t i v e  to m i s t r e a t m e n t  c a n  e a s i l y  be  c o n s t r u c t e d .  The 

ruggedness  and  r e l i a b i l i t y  o f  s u c h  a d e t e c t o r  make i t  

admi rab ly  s u i t e d  f o r  s p a c e  e x p e r i m e n t s .  

3 )  A s t u d y  has been  made o f  some n o v e l  methods f o r  p r e p a r i n g  
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I ' .  
c l e a n  t a r g e t  s u r f a c e s  i n  an  o r b i t a l  env i ronmen t  ( S e c t i o n  

7). It has been found t h a t  a p u r e  t u n g s t e n  ( o r  o t h e r  

metal)  s u r f a c e  can  be  produced  e a s i l y  by t h e  thermal  

d i s s o c i a t i o n  of  a m o l e c u l a r  v a p o r ;  t h e  s e l e c t i v e  depo- 

s i t i o n  and r e l a t i v e l y  low power r e q u i r e d  i n  t h i s  p ro -  

c e s s  make i t  s u p e r i o r  t o  an  e v a p o r a t i o n  c o a t i n g  method 

f o r  s a t e l l i t e  a p p l i c a t i o n s .  It has a l s o  been  shown 

t h a t  a s i m p l e  s p r i n g - l o a d e d  k n i f e  can  b e  used  t o  c l e a v e  

c e r t a i n  t y p e s  of  c r y s t a l s  s e m i - a u t o m a t i c a l l y ;  t h e  t r i g -  

g e r i n g  of s u c h  a d e v i c e  b y  remote  c o n t r o l  once t h e  s a t -  

e l l i t e  i s  i n  o r b i t  can  p r o v i d e  an a t o m i c a l l y  c l e a n ,  

r e g u l a r  l a t t i c e  f o r  s t u d y i n g  r a t e s  of  s u r f a c e  contam- 

i n a t i o n  and f o r  p r o v i d i n g  data of  a q u a l i t y  s u i t a b l e  

for t h e o r e t i c a l  i n t e r p r e t a t i o n .  

A number o f  t h e o r e t i c a l  s t u d i e s  r e l a t e d  to t h e  MTOF method 

have a l s o  been  c a r r i e d  o u t :  

1) C a l c u l a t i o n s  of  m o l e c u l a r  f l u x e s  i n c i d e n t  on an e x p e r -  

iment i n  a p o s s i b l e  o r b i t  have been  made ( S e c t i o n  2 ) .  

The r e s u l t s  p r o v i d e  i n f o r m a t i o n  n e c e s s a r y  f o r  e x p e r i -  

men ta l  d e s i g n ,  

2 )  A g e n e r a l  a n a l y s i s  has been made o f  t h e  c o r r e l a t i o n  

between t h e  v e l o c i t y  d i s t r i b u t i o n  o f  m o l e c u l e s  r e f l e c t e d  

from a t a r g e t  s u r f a c e  and t h e  o u t p u t  s i g n a l s  from an 

MTOF a n a l y z e r  ( S e c t i o n  3 ) .  It has been  found t h a t ,  w i t h  

p r o p e r  i n s t r u m e n t  d e s i g n ,  t h e  v e l o c i t y  d i s t r i b u t i o n  o f  

t h e  r e f l e c t e d  p a r t i c l e s  can  b e  v e r y  s imply  r e l a t e d  to 

t h e  MTOF o u t p u t ,  and t h a t  t h i s  o u t p u t  i s  r e l a t i v e l y  
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. .  

i n s e n s i t i v e  to changes i n  e l e c t r o n  gun parameters. 

F u r t h e r ,  t h e  m o d i f i c a t i o n s  o f  t h e  data  due t o  m o l e c u l a r  

r e c o i l  d u r i n g  e l e c t r o n  bombardment have been  found to 

b e  small and e a s i l y  a c c o u n t e d  f o r  i n  data  r e d u c t i o n .  

Thus,  t h e  MTOF a n a l y z e r  can  be c o n s t r u c t e d  w i t h o u t  

s t r i n g e n t  t o l e r a n c e s  and can e a s i l y  p r o v i d e  v e l o c i t y  

d i s t r i b u t i o n  data. 

3) The p r o p e r t i e s  o f  m o l e c u l a r  n i t r o g e n  which a r e  r e l e v a n t  

t o  t h e  MTOF a n a l y s i s  have been  p r e s e n t e d  ( S e c t i o n  5 ) .  

L ike  t h e  f l u x  c a l c u l a t i o n s ,  t h e s e  da ta  p r o v i d e  i n f o r -  

mat ion  n e c e s s a r y  f o r  p r o p e r  d e s i g n  o f  t h e  i n s t r u m e n t .  

8 . 2  RECOMMENDATIONS 

The o b j e c t i v e  o f  t h e  s t u d y  t e r m i n a t e d  by t h i s  r e p o r t  h a s  

been  t h e  d e f i n i t i o n  o f  a s a t e l l i t e - b o r n e  expe r imen t  t o  i n v e s t i -  

g a t e  g a s - s u r f a c e  i n t e r a c t i o n  phenomena r e l e v a n t  t o  s a t e l l i t e  

d r a g .  The r e s u l t s  o f  t h i s  s t u d y ,  summarized i n  t h e  p r e v i o u s  

paragraph, i n d i c a t e  t h a t  a meaningfu l  expe r imen t  of  t h i s  t y p e  can 

b e  c o n s t r u c t e d  u s i n g  r e l a t i v e l y  s i m p l e  and rugged  equipment e It 

i s  recommended t h a t  a c l u s t e r  o f  metastable t i m e - o f - f l i g h t  a n a l -  

y z e r s  be b u i l t  f o r  t h e  s t u d y  o f  t h e  f a s t  component of N2  f l u x  

r e f l e c t e d  from a smal l  number o f  t a r g e t  s u r f a c e s  l o c a t e d  o u t s i d e  

t h e  s a t e l l i t e  ( s e e  S e c t i o n  1 . 2 ) .  T h i s  e x p e r i m e n t a l  concep t  o f -  

f e r s  b o t h  good q u a l i t y  data  and r e l i a b i l i t y  t h r o u g h  s i m p l i c i t y  

i n  d e s i g n .  
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APPENDIX 

THE SIMPLIFIED FLUX RELATION OBTAINED BY PHYSICAL ARGUMENTS 

A s  i n d i c a t e d  i n  S e c t i o n  3 . 5 ,  t h e  z e r o t h  o r d e r  t e r m  f o r  t h e  

n o r m a l i z e d  m e t a s t a b l e  f l u x  d e n s i t y  

* L L  fo ( t , r ;L,W)=-*g(E) 
t 

can  be i n t e r p r e t e d  as t h e  f l u x  a r i s i n g  from a n  i n s t a n t a n e o u s  

(T=O) e x c i t a t i o n  o f  p a r t i c l e s  i n  an  i n f i n i t e s m a l l y  t h i n  (W=O) 

s l i c e  o f  t h e  n e u t r a l  beam. I t  i s  t h e  p u r p o s e  of  t h i s  append ix  

t o  show more p h y s i c a l l y  how t h e  above r e s u l t  f o l l o w s  from these  

c o n d i t i o n s .  
a 

A t  t ime t = O  a c e r t a i n  number N o f  m e t a s t a b l e s  i s  produced  

b y  a s p i k e  p u l s e  o f  e l e c t r o n s  fo rming  a c u r r e n t  shee t  ( s e e  F i g u r e  

A.1). 

E L E C T R O N  SHEET 
SPIKE P U L S E D  /n A T  t = O  

N E U T R A L  
B E A M  

-- 

L 

-w:o  - - 
V 

C O L L E C T O R  

F i g u r e  A . l  Geometry of  c u r r e n t  s h e e t  and n e u t r a l  beam. 
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A s  t h e  m e t a s t a b l e s  l e a v e  t h e  e l e c t r o n  s h e e t ,  t h e y  g r a d u a l l y  

s e p a r a t e ,  t h e  f a s t e r  p a r t i c l e s  l e a v i n g  t h e  s l o w e r  ones  beh ind .  

Consequen t ly ,  t h e  i n i t i a l l y  t h i n  s l i c e  s p r e a d s  o u t ,  becoming 

a p a c k e t  which c o n t i n u a l l y  expands a l o n g  t h e  d i r e c t i o n  o f  

mot ion  o f  i t s  p a r t i c l e s .  

To o b t a i n  a measure o f  t h i s  e x p a n s i o n ,  c o n s i d e r  a g a s  

w i t h  t h e  s imple  v e l o c i t y  d i s t r i b u t i o n  g ( v )  shown i n  F i g u r e  A.2, 

f o c u s i n g  a t t e n t i o n  on p a r t i c l e s  h a v i n g  s p e e d s  w i t h i n  Av o f  

some a r b i t r a r y  speed  v .  These p a r t i c l e s  w i l l  a r r i v e  a t  t h e  

(PARTICLES PER 
UNIT VELOCITY) 

V v (CM/sEC.) 

F i g u r e  A . 2  Simple v e l o c i t y  d i s t r i b u t i o n  

L c o l l e c t o r  a f t e r  a t i m e  t=-. Dur ing  t h i s  t i m e ,  however,  t h e  

h i g h e r  speed  p a r t i c l e s  w i l l  have been t r a v e l i n g  an amount Av 

f a s t e r  t h a n  t h e  s l o w e r  ones .  Consequen t ly ,  a t  t h e  c o l l e c t o r  

t h e  h i g h e r  speed  p a r t i c l e s  w i l l  b e  ahead o f  t h e  s l o w e r  ones  

b y  a d i s t a n c e  A 1  g i v e n  by 

V 

A l = t  Av 
- L Av -- 

V 



T h i s  q u a n t i t y  r e p r e s e n t s  t h e  t h i c k n e s s  of  t h e  p o r t i o n  o f  t h e  

p;;_i-~ef, c o n t a i n i n g  p a r t i c l e s  w i t h i n  Av of v ,  and i n d i c a t e s  t h a t  

1 . 2 ~ '  t h e  same Av, a n  i n c r e m e n t  c e n t e r e d  a r o u n d  a h i g h e r  s p e e d  

will have a smaller t h i c k n e s s ,  i . e . ,  w i l l  be more c o n c e n t r a t e d ,  

Tc f i n d  t h e  metastable  f l u x ,  i t  i s  n e c e s s a r y  f i r s t  to 
* 

d e t e r m i n e  t h e  d e n s i t y  n . I f  t h e  number o f  metastables which 

have speeds  w i t h i n  Av of  v i s  A N  , t h e n  t h e  d e n s i t y  can  b e  
* 

found t h r o u g h  d i v i d i n g  t h i s  number b y  t h e  volume AV occup ied  

b y  t h e  p a r t i c l e s .  By assuming t h e  beam to have  u n i t  c r o s s  

s e c t i o n a i  a r e a ,  t h e  d e n s i t y  of  t h e  p a r t i c l e s  occupy ing  t h e  

inc remen t  A i  a t  t h e  c o l l e c t o r  i s  t h e r e f o r e  g i v e n  by  

n n * A N  - A N  v 
A 1  L Av 

n =-.-.- 

For a g e n e r a l  v e l o c i t y  d i s t r i b u t i o n  g ( v ) ,  t h e  number o f  

m e t a s t a b l e s  hav ing  speeds  w i t h i n  v o f  v i s  g i v e n  b y  

* * 
A N  = N g ( v )  Av 

-0 t h a t  

M u l t i p l y i n g  t h i s  e x p r e s s i o n  by v y i e l d s  t h e  f l u x  a t  t h e  c o l -  
Y 

l e c t o r ;  d i v i d i n g  by N "  n o r m a l i z e s  i t -  Thus 
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I 
S i n c e  t h i s  q u a n t i t y  i s  t h e  f l u x  a t  t h e  c o l l e c t o r ,  t h e  v e l o c i t y  

v can  be  e x p r e s s e d  i n  terms o f  t h e  $ r a n s i t  t i m e  to t h e  c o l l e c t o r  

I' 

L 
t 

v = -  
I 

I 
I 

Consequen t ly ,  t h e  f l u x  may f i n a l l y  be  w r i t t e n  i n  t h e  form 

as was i n t e n d e d  t o  b e  shown, 
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