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I . In trod u ction

The e x c i t a t io n  o f a tom s by  c o l l i s i o n s  w ith  e le c t r o n s  i s  

a p h en om en on  o f  g r e a t  in te r e s t  in  a s t r o p h y s ic s ,  th erm o n u clea r  

r e s e a r c h , p la sm a  p h y s ic s  and g a s e o u s  e l e c t r o n ic s .  The num ber o f  

p a p ers  and r e v ie w  a r t ic le s  r e la t in g  to  e x p er im en t and th eo ry  in  

in e la s t i c  c o l l i s i o n s  i s  le g io n .  Among th e  m ore u s e fu l  a r t ic le s  i s  

a r e c e n t  r e v ie w  b y  M o lsa tw lta c h  and Sm ith* w h ic h  c o v e r s  both  

e x p er im e n ta l and t h e o r e t ic a l  a s p e c t s  o f  th e  p rob lem , and o u t l in e s  th e  

p r e s e n t  s ta t e  o f  th e  art in  b oth  a r e a s .

A lth ough  a ttem p ts  w e re  m ade in  th e  193 0 ’s and 4 0 *s to  

d e v e lo p  a th eo ry  for e x c i ta t io n  b y  e le c t r o n  im p a ct, s ig n if ic a n t  p r o g r e ss  

w a s  n ot m ade b e c a u s e  o f  th e  g r e a t  co m p u ta tio n a l d i f f i c u l t i e s  and th e  

la c k  o f  e x p e r im e n ta l in form ation  ab ou t th e  d iffe r e n t  c r o s s - s e c t i o n s .

W ith  th e  d e v e lo p m e n t  o f  m od u lated  beam  te c h n iq u e s  and th e  a v a i l ­

a b i l i ty  o f f a s t  e le c t r o n ic  co m p u ters , t h is  s itu a t io n  w a s  g r e a t ly  tran sform ed  

in  th e  1 9 5 0 ' s .

S in c e  th e  h yd rogen  atom  o ffe r s  th e  s im p le s t  m any b od y  problem  

in  c o l l i s i o n  th eo ry , m uch o f  th e  th e o r e t ic a l  e ffo r t h a s  b e e n  c o n c e n tr a te d  

here th ou gh  o n ly  w ith  lim ited  s u c c e s s .  C a lc u la t io n s  o f  in e la s t i c  c r o s s -  

s e c t io n s  for e x c it a t io n  o f  th e  rare g a s e s ,  o x y g e n  and n itro g en  a to m s  

and th e  a lk a li  m eta l a to m s h a v e  a l s o  b e e n  m ad e, b u t t h e s e  are l e s s  

e x t e n s iv e  . In a l l  c a s e s ,  e x p e r im e n ta l d ata  on  e x c ita t io n  c r o s s - s e c t i o n s  

are v i ta l  to  th e  further d e v e lo p m e n t o f  th e  th eo ry  o f  I n e la s t ic  c o l l i s i o n s .



s in c e  th e y  p ro v id e  t e s t s  o f  the m any a s su m p tio n s  and a p p ro x im a tio n s  

n e c e s s a r i ly  m ade In t h e s e  c a lc u la t io n s .

2
F ite  h a s  w r itte n  an e x c e l le n t  r e v ie w  o f  th e  m eth o d s a v a ila b le  

for s tu d y in g  in e la s t i c  p r o c e s s e s .  The te c h n iq u e s  em p lo y e d  to  d e t e c t  

e x c ita t io n  fa ll  in to  th ree  m ain c a t e g o r ie s  1 ) r a d ia tio n  d e te c to r s

2) m e ta s ta b le  atom  d e te c to r s  and 3) s c a tte r e d  e le c tr o n  d e t e c t io n .

M ea su rem en t o f  th e  ra d ia tio n  em itte d  from an e x c i t e d  atom  

i s  th e  m o st o b v io u s  w a y  to  m onitor th e  e x c i ta t io n  p r o c e s s .  T h is m ethod  

i s  r e s tr ic te d  to  th e  s tu d y  o f  o p t ic a l ly  a llo w e d  tr a n s it io n s  and Is  

lim ited  b y  th e  poor r e s p o n s e  o f  o p t ic a l  c o m p o n en ts  in  th e fa r -a n d  v a cu u m -  

u ltr a v io le t  r e g io n s  o f  th e  sp e c tr u m . It i s  further c o m p lic a te d  by  c a s c a d e  

p o p u la tio n  o f  th e  e x c i t e d  s ta te  under s tu d y  and d i f f ic u l t ie s  in  d e term in ­

in g  th e  a b s o lu te  e f f i c i e n c y  o f  th e  p h oton  d e t e c t o r .

M eta s ta b le  a to m s ca n  b e  d e te c te d  by  a llo w in g  them  to  im p in ge  

on  a m eta l w h o s e  w ork fu n c tio n  i s  l e s s  th an  th e  e x c i ta t io n  e n e r g y  o f  

th e  m e ta s ta b le  s t a t e .  The e f f i c i e n c y  o f  d e te c t io n  In th is  c a s e  c a n  b e  

a s  h igh  a s  3 0%, b u t th e  d if f ic u lty  in  o b ta in in g  an a c c u r a te  e s t im a te  

o f  th is  q u a n tity  l im its  th e  u s e f u ln e s s  o f  t h is  te c h n iq u e  in  o b ta in in g  

a b s o lu te  v a l u e s .

F in a lly , th e  e x c i ta t io n  p r o c e s s  ca n  b e  m onitored  by d e te c t in g  

th o s e  s c a tte r e d  e le c t r o n s  w h ic h  h a v e  lo s t  an am ount o f  e n e r g y  e q u a l  

to  th e  e x c i ta t io n  e n e r g y .  S in c e  th e  b a s ic  m ea su rem en t here i s  a current



m ea su rem en t, t h is  m ethod  i s  s tra ig h tfo rw a rd . The d isa d v a n ta g e  o f  

th e  m ethod i s  th a t i t  r eq u ire s  s o p h is t ic a t e d  e le c tr o n  gu n  d e s ig n , and  

th e  d if f ic u lty  in  m ea su rin g  th e  num ber d e n s ity  in  th e  atom  beam  a g a in  

p r e c lu d e s  an a b so lu te  d e term in a tio n  o f  th e  c r o s s - s e c t i o n .

The m ethod  u se d  h ere to  s tu d y  in e la s t i c  s c a tte r in g  w a s  

3
o u tlin e d  b y  Rubin in  1 9 6 6 . It i s  a n ew  and n o v e l  te c h n iq u e  w h ic h  

u t i l i z e s  in  a c r o s s e d  beam  ex p er im en t c e r ta in  o f  th e  k in e m a tic  p r o p e r tie s  

o f  th e  r e c o il in g  a to m s to  d is t in g u is h  b e tw e e n  c o l l i s i o n s  in v o lv in g  

e l a s t i c  s c a tte r in g  and e x c ita t io n  to  v a r io u s  a to m ic  l e v e l s .

The r e c o i l  te c h n iq u e  p o s s e s s e s  c e r ta in  a d v a n ta g e s  o v er  the  

m eth o d s  d e s c r ib e d  a b o v e .  In th is  m eth od , o n e  i s  not c o n c e r n e d  w ith  

th e  t r a je c to r ie s  o f  th e  s c a tte r e d  e le c t r o n s ,  and c o n s e q u e n t ly  it  i s  

n ot n e c e s s a r y  to  u s e  a h ig h ly  c o llim a te d  e le c tr o n  b eam , or ta k e  

e x t e n s iv e  p r e c a u t io n s  in  s h ie ld in g  th e  in te r a c t io n  r e g io n  from stra y  

e le c t r ic  or m a g n e tic  f i e l d s .  T h is p erm its  th e  u s e  o f  s im p le  e le c tr o n  

gu n  d e s ig n ,  la rg e  cu rren ts  and an a x ia l  m a g n etic  f ie ld  to  c o n f in e  

th e  e le c tr o n  b e a m . Further, s in c e  th e  m ea su rem en t o f  th e  e le c tr o n  

beam  d e n s i t y  i s  an e a s y  m atter, th e  d e term in a tio n  o f  a b s o lu te  c r o s s -  

s e c t io n s  d e p e n d s  o n ly  on th e  ra tio  o f  th e  s c a tte r e d  atom  current to  th e  

u n sc a tte r e d  atom  b e a m . Both q u a n t it ie s  are m easu red  w ith  th e  sam e  

d e te c to r ,a n d  th u s  o n e  d o e s  n e t  h a v e  to  know th e  d e te c to r  e f f i c i e n c y .

F in a lly , th e  r e c o i l  te c h n iq u e  p erm its  th e  m ea su rem en t o f  I n e la s t ic

o  o
c r o s s - s e c t i o n s  a t 0  and 180 , a c a p a b il ity  w h ic h  i s  a fford ed  b y  n on e  

o f  th e  a b o v e  m e th o d s .

-  3 -



S in c e  a lm o st  a l l  th e  p r e v io u s  m eth o d s h a v e  had to  r e so r t  to  

In d irec t and o f te n  u n r e lia b le  m eth o d s to  n o rm a lize  th e  r e la t iv e  c r o s s -  

s e c t io n s  to  a b s o lu te  v a lu e s ,  th e  la tte r  a s p e c t  o f t h is  t e c h n iq u e  and  

th e  a b i l i ty  to  o b s e r v e  sm a ll and la r g e  a n g le  s c a tte r in g  r e p r e se n t  i t s  

r e a l s tren g th  and i s  an im portant n ew  d e v e lo p m e n t in  th e  stu d y  o f  

in e la s t i c  p r o c e s s e s .



I I . T heory

A . In trod u ction

C o l l i s io n s  o f s lo w  e le c t r o n s  w ith  a lk a l i  m eta l a tom s i s  In 

m any w a y s  s im ila r  to  th e  e le c tr o n -h y d r o g e n  atom  s c a tte r in g  p ro b lem .

The e le c tr o n  c o n fig u r a tio n  o f  th e  ground s ta te  o f  a lk a l i  atom  c o n s i s t s  

o f  a s in g le  v a le n c e  e le c tr o n , m ovin g  in  th e  f ie ld  o f  th e  r e la t iv e ly  

in er t co re  and n u c le u s .  T h is f ie ld  Is  s p h e r ic a l ly  sy m m etric  s in c e  

th e  f i l le d  s h e l l s  a lw a y s  h a v e  an  o r b ita l a n g u la r  m om entum  and to ta l  

sp in  e q u a l to  z e r o .

S in c e  the v a le n c e  e le c tr o n  Is  w e a k ly  b ou n d , It i s  e a s i l y  

p o la r iz e d  under th e  a c t io n  o f  an  e x te r n a l f i e ld .  T h is  le a d s  to  the  

la r g e  e f f e c t iv e  c r o s s - s e c t i o n s  w h ic h  are t y p ic a l  o f  th e  a l k a l i s .  The 

c r o s s - s e c t i o n  for a n y  a lk a li  atom  i s  u s u a l ly  an order o f  m agn itu d e  

g r e a te r  than  th e  rare g a s  atom  w h o s e  a to m ic  num ber d iffe r s  b y  o n ly  

o n e , In d ic a tin g  th e  p red om in an t r o le  p la y e d  b y  th e  v a le n c e  e le c tr o n  

in  c o l l i s i o n s .

T hus th e  problem  o f  e le c t r o n -a lk a l i  atom  c o l l i s i o n s  c a n  b e  

r ed u ced  to  a  tw o  e le c tr o n  p rob lem , w ith  th e  in c id e n t  and v a le n c e  

e le c tr o n s  m ovin g  in  th e  s ta t io n a r y  f ie ld  o f th e  n u c le u s  and in n er  e le c tr o n s  

The H am ilton ian  o f  t h is  tw o -e le c tr o n  sy s te m  ca n  b e  w r itte n  in  th e  form

* 2  + V ( r i> + v , r 2 > + 7 7 2  ( 1 >

w h e r e  V(r) i s  th e  e f f e c t iv e  p o te n t ia l  o f  th e  n u c le u s  and f i l le d  s h e l l s .



r and r are th e  c o o r d in a te s  o f  th e  a to m ic  and In c id e n t e le c tr o n s  
1 2

and H i s  e x p r e s s e d  in  a to m ic  u n i t s .  M a g n e tic  and r e la t iv i s t ic  

in te r a c t io n s  are not in c lu d e d  in  ( l) 'a n d  ca n  e a s i l y  b e  sh o w n  to  b e  

l e s s  than 1% o f H . r

B . G en era l F orm u lation

o u tlin e d  in  g r e a t  d e ta i l  in  m any p a p ers  and r e v ie w  a r t ic le s ,  m o st n o ta b ly

4
b y  Burke and Sm ith in  1 9 6 2 . O n ly  a b r ie f  sum m ary w i l l  b e  in c lu d e d  

h e r e .

The S ch rod in ger  e q u a t io n  d e s c r ib in g  th e  tw o  e le c tr o n  s y s te m  

t a k e s  th e  form in  a to m ic  u n its

The stan d ard  m ethod  for s o lv in g  (2) i s  to  ex p a n d  th e  t o ta l  w a v e  fu n c tio n

The e x p a n s io n  in  (3) in c lu d e s  a  sum  o v e r  d is c r e te  and in te g r a l o v er  

con tin u u m  s t a t e s .  The sy m b o l v r e p r e s e n t s  th e  quantum  num bers o f  th e

The g e n e r a l fo rm u la tio n  o f the s c a tte r in g  problem  h a s  b e e n

( -
1 2  
-— V ,

r v V(<i) v ' ( 9 +'
( 2 )

vj>(rj• r^ ) in  th e  e ig e n s t a t e s  o f  th e  ta r g e t  H a m ilto n ia n . Thus

(3)
v

w h ere

(4)



atom. Substitution of (3) Into (2) leads to an Infinite se t of coupled

e q u a t io n s  for F (? .)  w h ic h  d e s c r ib e  th e  r e la t iv e  m otion  o f  th e  In c id e n t
v 2

e le c t r o n .  T h e se  e q u a t io n s  m ay b e  w r itte n

( 7 2 + k n  )  F .  (V  = [  I , + j  d ' ' ' " l U v v  F , '  ( i 2 > ,5 )
V

w h ere

and

U ,(? .)=  2 ' d3 r . -V (r  ) 1  f  (r } (6 )
vv 2 , 1 v 1 r ^  2 v 1

k n = (E_ Gn )n n

The s e t  o f  e q u a t io n s  (5) m ust now  b e  s o lv e d  s u b je c t  to  th e fo llo w in g  

boundary  c o n d it io n s

r -  i £  * r ik , r A
F , (r )  /  n 5 , + £ n f ,(r ) /r  (7)

V L v v  v v  ^ ^

w h e r e  f , (r ,)  i s  th e  s c a tte r in g  a m p litu d e  for e x c i ta t io n  from
v v  2

s ta te  v to  v ’ .

S in c e  th e  c e n tr ifu g a l b arrier  w i l l  e x c lu d e  th e  h ig h er  a n g u la r

m om entum  s t a t e s  from th e  s c a tte r in g  a t low  e n e r g ie s ,  a p a r t ia l w a v e

e x p a n s io n  ca n  b e  e x p e c te d  to  c o n v e r g e  r a p id ly . Thus w e  c a n  w r ite

CD

F (? ) = y  Y  f (r )Y (r ) / r  (8 )v 2 v £ _ m _  2 £ ,m „  2 . 2
£ = 0  m = - £  2  2  2  2

b  b

-  7 -



When (8) Is substituted into (5) we obtain an infinite set of coupled

o r b ita l a n g u la r  m om entum  L and th e  to ta l  s p in  S are s e p a r a te ly  

c o n s e r v e d  during th e  c o l l i s i o n ,  it  I s  o f te n  more c o n v e n ie n t  to  d e s c r ib e  

th e  c o l l i s io n  in  a r e p r e s e n ta t io n  w h ic h  Is  d ia g o n a l In t h e s e  quantum  

n u m b e r s . T h is i s  e a s i l y  e f f e c t e d  u s in g  th e  ap p rop ria te  v e c to r  

a d d itio n  c o e f f i c i e n t s ,  and th e  e x p r e s s io n  for th e  to ta l  w a v e  fu n c tio n  

c a n  now  be w r itte n  in  term s o f  th e  e x p a n d ed  b a s i s

w h ere  th e  C 's  are C le b sc h -G o r d o n  c o e f f ic ie n t s  and it  sh o u ld  b e  

rem em bered  th a t F (r_) i s  now  a r a d ia l fu n c tio n  . In order to  ta k e

a c c o u n t  o f  th e  in h eren t in d is t in g u is h a b i l ity  o f  th e  free  and bound  

e le c t r o n s ,  th e  to ta l w a v e  fu n c tio n  m u st b e  a n ti sy m m etr ize d  w ith  

r e s p e c t  to  in te r c h a n g e  o f  b o th  th e  s p a c e  and sp in  c o o r d in a te s  o f  th e  

tw o  e le c t r o n s .  T h is i s  a c h ie v e d  b y  m u ltip ly in g  (9) b y  1 / /2 ( 1  -  P )
X m

w h ere  P i s  th e  e x c h a n g e  o p e r a to r . W h en  th is  f in a l form forX u

th e  to ta l  w a v e  fu n c tio n  i s  s u b s t itu te d  in to  th e  S ch ro d ln g er  e q u a tio n ,  

an in f in it e  s e t  o f  c o u p le d  ln te g r o d lf fe r e n t la l  e q u a t io n s  for th e  ra d ia l

e q u a t io n s  for th e  r a d ia l fu n c tio n s  f  . m ( r , ) .  S in c e  b oth  th e  to ta l
^ l z m z  2

v L M .S M  vV  2 
L S

{r . .  r j ;

(9)

v 2

-  8 -



fu n c t io n s  F (r ) r e s u lt s :
v 2

+ k 2  n F (r) =
n v

( 10 )

w h ere  th e  V ( are p o te n t ia l  In ter a c tio n  term s and W  , are e x c h a n g e
v v  v v

in te r a c t io n  term s w h ic h  a r is e  from th e  a n tisy m m e tr iz a tio n  o f  th e  w a v e  

fu n c t io n . The d e ta ile d  form s o f  t h e s e  p o te n t ia ls  are g iv e n  by

d er iv in g  th e  sy s te m  o f  e q u a t io n s  ( 1 0 ) i s  to  a s su m e  th a t th e  to ta l  

w a v e  fu n c tio n  VP s a t i s f i e s  H a rtree -F o ck  e q u a t io n s .  The s o lu t io n s  

o f  t h e s e  e q u a t io n s  ca n  th en  b e  sh o w n  to  s a t i s f y  th e  Kohn v a r ia t io n a l  

p r in c ip le  and th e  v a lu e s  o b ta in e d  for th e  e le m e n ts  o f th e  K m atrix  

w i l l  b e  co rrec t to  s e c o n d  order in  th e  errors o f  th e  w a v e  f u n c t io n s . 

Furtherm ore, th e  v a r ia t io n a l n a tu re  o f t h e s e  c a lc u la t io n s  p erm its  

b o u n d s on  th e  c r o s s - s e c t i o n  to  b e  d e d u c e d , w h en  d e ta ile d  in form ation  

i s  a v a i la b le  on  th e  bound s t a t e s  o f  th e  s y s t e m . A lthough  th e  r e c e n t  

d is c o v e r y  o f  la rg e  num bers o f  r e s o n a n c e  s t a t e s  h a v e  c o m p lic a te d  

t h is  a s p e c t  o f  th e  th eo ry , u s e fu l  extrem um  p r o p e r t ie s  <>f t h e  K ralrtrtx 

c a n  s t i l l  b e  d e d u c e d  in  so m e  c a s e s .

The s e t  o f  e q u a t io n s  ( 1 0 ) m u st now  b e  s o lv e d  w ith  th e  

ap p rop ria te  boundary  c o n d i t io n s . The a sy m p to tic  form o f  th e  r a d ia l

P e r c lv a l and S e a to n .

An a lte r n a t iv e  and p erh a p s more in tu it iv e  m ethod  for



fu n c tio n  F (r) m ay b e  c h o s e n  to  h a v e  th e  form  
v

F (r) -— — »  -r —— f s in  (k r - i  ir /2 )  « , 
v /k  n 2  wn

+ c o s (k  r -£  i t / 2 ) K , 1
n  2  v v (11)

w h ere  K , are th e  e le m e n ts  o f  th e  r e a c t io n  m a tr ix . The K -e le m e n ts
v v

are r e la te d  to  th e  T m atrix b y  th e form ula

The p a r tic u la r  form (11) i s  c h o s e n  b e c a u s e  th e  K -m atrix i s  r e a l ,  and  

i s  o fte n  m ore c o n v e n ie n t  to  u s e  than  T . Further, th e  K -m atrix  

fo rm u la tio n  i s  a v e r y  c o n v e n ie n t  w a y  to  in tro d u ce  a p p ro x im a tio n s  

w h ic h  w i l l  a u to m a t ic a lly  p r e se r v e  th e  u n itary  p rop erty  o f  th e  S -m a tr ix , 

and h e n c e  s a t i s f y  c o n s e r v a t io n  th e o r e m s .

s e t  o f  e q u a t io n s  ( 1 0 ) e x a c t ly ,  s in c e  th ere  are an in f in it e  num ber o f  

th e m . V arious t e c h n iq u e s  h a v e  b e e n  u se d  to  o b ta in  a p p rox im ate  

s o lu t io n s .  Two o f  th e  more p rom in en t o f  t h e s e  w i l l  now  b e  d i s c u s s e d .

C .  Bom  A pproxim ation

The s im p le s t  w a y  to  In trod u ce  th e  Born ap p ro x im a tio n  i s  to  

r ew rite  (5) in  th e  fo llo w in g  form:

T = -  [2 iK /( 1-iK) ] ( 1 2 )

In p r a c t ic a l  c a lc u la t io n s  it  i s  im p o s s ib le  to  s o lv e  th e

(13)



The Born a p p ro x im a tio n  c o n s i s t s  In r e p la c in g  th e  to ta l  w a v e  fu n c tio n  

w ith  th e  w a v e - fu n c t lo n  o f  th e  n o n - in te r a c t in g  s y s te m  I . e .

1^ • r^
• ° VV

w h er e  ¥ ( r , )  I s  th e  a to m ic  ground s ta te  w a v e  fu n c t io n .  A s o lu t io n  o 1

for th e  s c a tte r in g  a m p litu d e  i s  now  e a s i l y  o b ta in e d .

The Born a p p ro x im a tio n  h a s  not proved  to  b e  a v er y  s u c c e s s f u l  

te c h n iq u e  for c a lc u la t in g  e x c ita t io n  c r o s s - s e c t i o n s  for th e  r e s o n a n c e  

t r a n s it io n s  in  th e  a lk a l i s  In th e  en e r g y  ran ge c lo s e  to  th r e s h o ld . 

B e c a u s e  o f  th e  stro n g  c o u p lin g  b e tw e e n  I n it ia l  and f in a l s t a t e s ,  

th e  c r o s s - s e c t i o n s  are m uch to o  la r g e .  In m any c a s e s ,  the p a r tia l  

c r o s s - s e c t i o n s  e x c e e d  th e t h e o r e t ic a l  lim it  im p o sed  b y  c o n s e r v a t io n  

th e o r e m s .

V ariou s m o d if ic a t io n s  o f  th e  Born ap p ro x im a tio n  h a v e  b e e n  

e m p lo y e d . A Born ap p ro x im a tio n  to  th e  K -m atrix Is so m e tim e s  u s e d ,  

th u s  e n su r in g  th e  u n itary  p rop erty  o f  th e  S -m a tr lx  Is  s a t i s f i e d .  S in c e  

th e  p ro b lem s u s u a lly  a r is e  w ith  th e  lo w e s t  order p a r t ia l w a v e s ,  

an o th er  te c h n iq u e  in v o lv e s  r e p la c in g  t h e s e  p a r tia l c r o s s - s e c t i o n s  

b y  h a lf  th e  th e o r e t ic a l  m axim um .

A v e r y  d e ta ile d  a c c o u n t  o f  th e  Bom  a p p ro x im a tio n s  In 

a l l  i t s  form s i s  c o n ta in e d  In r e fe r e n c e  1 . As far a s  th e  a lk a l i s  are 

c o n c e r n e d , m o st o f  th e  e ffo r t  h a s  b e e n  m ade on  e x c i t a t io n  o f  sod iu m  

th ough  to ta l  c r o s s - s e c t i o n s  for th e  4 s - 4 p  tr a n s it io n  in  p o ta ss iu m



h a v e  b e e n  c a lc u la t e d .  D if fe r e n t ia l  c r o s s - s e c t i o n s  h a v e  not b e e n  

p u b lis h e d . It i s ,  h o w ev er , w id e ly  a ssu m e d  th a t th e  B om  c r o s s - s e c t i o n s  

in  th e  en e r g y  ran ge o f  in te r e s t  to  t h is  e x p e r im e n t are e x c e s s i v e  and  

p rob ab ly  n ot r e l ia b le .

D . C lose Coup ling Approximation

S in c e  th e  sy s te m  o f  e q u a t io n s  (10)  i s  in f in it e ,  and a n y  

p r a c t ic a l  c a lc u la t io n  c a n  in c lu d e  o n ly  a f in it e  num ber, a stan d ard  

ap p roach  h a s  b e e n  to  tru n ca te  th e  e ig e n fu n c t io n  e x p a n s io n  o f  th e  

w a v e  fu n c tio n  a fte r  th e  f ir s t  few  te r m s . T h is  m ethod  for c a lc u la t in g  

the c r o s s - s e c t i o n  i s  c a l le d  th e  c lo s e  c o u p lin g  a p p r o x im a tio n . There 

i s  no r ig o ro u s  m a th em a tica l ju s t i f ic a t io n  for t h is  p ro ced u re , nor 

e v e n  a p la u s ib i l i t y  argum ent to  sh o w  th at th e  s e r ie s  c o n v e r g e s .

C om p arison  w ith  a v a ila b le  ex p er im en ta l d a ta  and o th er  a p p ro x im a tio n s  

w h ic h  are e x p e c te d  to  b e  m uch more a c cu ra te  for a g iv e n  s c a tte r in g  problem  

h a v e  p ro v id ed  th e  o n ly  c h e c k s  th u s  far on t h i s  ap p ro x im a tio n  t e c h n iq u e .

A v e r y  e x t e n s iv e  s e r ie s  o f  c a lc u la t io n s  u s in g  th e  c l o s e  

co u p lin g  ap p rox im ation  h a v e  b e e n  carried  o u t b y  th e  t h e o r e t ic a l  

group at th e  L atvian  A cadem y o f  S c ie n c e ,  R iga, for low  e n er g y  

e le c t r o n -a lk a l i  s c a t t e r in g .  P h a se  s h if t s  for e l a s t i c  s c a tte r in g  and  

K -m atrix e le m e n ts  for s c a tte r in g  a b o v e  th r e sh o ld  h a v e  b e e n  ta b u la te d  

in  r e fe r e n c e  6 .

A tw o  s ta te  4 s - 4 p  ap p ro x im a tio n  i s  u se d  and le a d s  to  3 

co u p le d  I n te g r a -d if fe r e n t ia l  e q u a tio n  for L > 0 and 2 for L=0.



The th ird  e q u a tio n  a r is e s  from th e  fa c t  th a t for a g iv e n  to ta l  a n g u la r  

m om entum  L, th e  fr e e  e le c tr o n  c a n  b e  s c a t te r e d  w ith  m omentum  

L + 1 or L -  1 . The s ta te  for w h ic h  th e  e le c tr o n  i s  s c a tte r e d  w ith  

m om entum  L h a s  d iffe r e n t  p a r ity  from th e  o th e r s  and d o e s  not 

co n tr ib u te  to  th e  s c a t t e r in g .

A lthough  o n ly  tw o  s t a t e s  h a v e  b e e n  In c lu d ed  in  th e  w a v e

4
fu n c tio n  e x p a n s io n , Burke h a s  e m p h a s iz e d  th e  im p o rta n ce  o f  th e  

a n tisy m m e tr iz a tio n  im p o se d  b y  th e  e x c h a n g e  o p era tor  a c t in g  

o n  (9) .  It g i v e s  r i s e  to  th e e x c h a n g e  term  in  ( 1 0 ) and ca n  b e  

regard ed  a s  r e p r e se n tin g  part o f  th e  con tin u u m  e x p l i c i t ly  om itted  

from th e  su m m a tio n . It ca n  th u s  ta k e  up part o f  th e  d is to r t io n  

in d u c e d  by  th e  e le c t r o n -e le c t r o n  in te r a c t io n  a s  w e l l  a s  s a t is fy in g  

th e  P au li P r in c ip le .

It i s  Im portant now  to  c o n s id e r  w h a t ran ge o f  v a l id ity  ca n  

b e  e x p e c te d  from t h e s e  c a lc u la t io n s  in  th e  l ig h t  o f  a v a i la b le  

e x p e r im e n ta l e v id e n c e  and co m p a r iso n  w ith  o th er c a lc u la t io n s .

Burke and h is  c o -w o r k e r s  h a v e  in v e s t ig a te d  th is  problem  th o ro u g h ly  in  

r e la t io n  to  e le c tr o n -h y d r o g e n  atom  s c a t te r in g , and th ere  i s  a v a s t  

l ite r a tu r e  o f  c r i t ic a l  a n a ly s i s  o f  th e  c lo s e  c o u p lin g  a p p ro x im a tio n .

It i s  now  g e n e r a lly  r e c o g n iz e d  th a t t h is  a p p ro x im a tio n  g iv e s  

v ery  a c c u r a te  r e s u lt s  for th e  p h a s e  s h if t s  o f  e l a s t i c  s c a tte r in g  in  

h yd rogen  and th e  a lk a l i s  w h en  th e  p - l e v e l  c l o s e s t  to  th e ground



s ta te  Is  In c lu d ed  In th e  e x p a n s io n .  P h y s ic a l ly  t h is  i s  s o  b e c a u s e
4

th e  in c lu s io n  o f  th e  p - s t a t e  a c c o u n ts  for th e  lo n g  ran ge 1/ r

in te r a c t io n  w h ic h  i s  p red om in an t in  lo w  e n e r g y  s c a t t e r in g .

T h is a p p ro x im a tio n  i s  e s p e c i a l l y  g o o d  for th e  a lk a l i s  w h ere  th e

p - s t a t e  c o m p r ise s  a lm o s t  9 9 % o f th e  a to m s' p o la r iz a b il i ty  w h ic h

g iv e s  r i s e  to  th e  lo n g  ran ge I n te r a c t io n . Furtherm ore, from a
4

c o m p u ta tio n a l p o in t o f  v ie w , th e  1/ r  d e p e n d e n c e  e n s u r e s  a fa ir ly  

rapid  c o n v e r g e n c e  o f  th e  p a r tia l w a v e  e x p a n s io n .

The s itu a t io n  for in e la s t i c  s c a tte r in g  i s  not n ea r ly  so  

p r o m is in g . The e a r l i e s t  c a lc u la t io n s  in c lu d e d  o n ly  th e  in it ia l  

and f in a l s t a t e s  in  th e  e ig e n fu n c t io n  e x p a n s io n .  In order to  fin d  

ou t how  th e  e x c lu d e d  s t a t e s  m ight a f fe c t  r e s u lt s ,  v e r y  le n g th y  

c a lc u la t io n s  on  th e  b e h a v io r  o f  th e  l s - 2 s  and l s - 2 p c r o s s - s e c t i o n s

7
em p lo y in g  a 6 - s ta te  a p p ro x im a tio n  h a v e  b e e n  carried  ou t b y  B urke.

He c o n c lu d e s  th a t "provided th e  to ta l  e n e r g y  i s  b e lo w  th e  sp ectru m  

o f  th e  c h a n n e ls  om itted  from th e  e x p a n s io n " , t h is  a p p ro x im a tio n  

te c h n iq u e  ca n  b e  e x p e c te d  to  y ie ld  r e l ia b le  r e s u l t s .  T h is v ery  

s e v e r e ly  r e s tr ic t s  th e  d om ain  o f  v a l id ity  o f  th e  c lo s e  co u p lin g  

a p p ro x im a tio n . In th e  c a s e  o f  p o ta s s iu m , th e  tw o  s ta t e  a p p ro x im a tio n  

w o u ld  th u s  o n ly  b e  r e l ia b le  up to  e n e r g ie s  o f  2 . 6 e V o lt s ,  th e  e x c i t a t io n  

e n e r g y  for th e  3d  s t a t e ,  s in c e  th is  s ta te  i s  e x c lu d e d  in  th e  e x p a n s io n .



The c o m p u ta tio n a l d i f f i c u l t i e s  in v o lv e d  in  c a lc u la t in g  th e  

e x c it a t io n  c r o s s - s e c t i o n s  are further c o m p lic a te d  b y  th e  fa c t  th a t

for o p t ic a l ly  a llo w e d  tr a n s it io n s  th e  lo n g  ran ge in te r a c t io n  f a l l s

/ 2o ff  o n ly  a s  1 /r  . (For an e x c e l le n t  quantum  m e c h a n ic a l d e r iv a tio n  

2 4
o f  th e  1 /r  and 1 /r  lon g  ran ge I n te r a c t io n s  s e e  r e fe r e n c e  8 ) .  Thus 

m any m ore p a r tia l w a v e s  h a v e  to  b e  in c lu d e d , and th e  c a lc u la t io n s  

b eco m e  in c r e a s in g ly  cu m b ersom e a t e n e r g ie s  b ey o n d  tw o  or th ree  

t im e s  th r e s h o ld .

F in a lly , th e  c h o ic e  o f  a to m ic  w a v e fu n c t lo n s  for th e  e ig e n ­

fu n c tio n  e x p a n s io n  m u st be c o n s id e r e d .  S in c e  th e c h o ic e  o f  a to m ic  

w a v e  fu n c t io n s  d ic t a t e s  th e  m a gn itu d e o f  th e  lon g  ran ge p o te n t ia l ,  

w h ic h  i s  th e  p red o m in a n t in te r a c t io n  a t t h e s e  e n e r g ie s ,  th e  f in a l  

r e s u lt s  w i l l  d ep en d  g r e a t ly  on  th e  p a r tic u la r  fu n c tio n s  u s e d .  T his  

problem  d o e s  n o t a r is e  for h y d ro g en  w h ere  e x a c t  w a v e  fu n c t io n s  are

k n o w n . For Li and N a , H a rtree -F o ck  fu n c tio n s  are a v a i la b le ,

9
but S tern h eim er h a s  sh ow n  th a t  t h e s e  are s l ig h t ly  to o  e x te r n a l  

and p r e d ic t  p o la r iz a b i l i t ie s  m uch la rg er  than  th e  e x p e r im e n ta lly  

o b se r v e d  v a l u e s .  W ave fu n c t io n s  w h ic h  rep rod u ce  th e  o b se r v e d  

io n iz a t io n  p o te n t ia ls  w er e  c o n s tr u c te d  by S tern h eim er to  c a lc u la te  

th e  p o la r iz a b i l i t ie s ;  th e  a g reem en t b e tw e e n  th eo ry  and ex p er im en t  

i s  g o o d  for Li and N a, but th e  th e o r e t ic a l  p r e d ic t io n s  o f th e  

p o la r iz a b i l i t ie s  for th e  h e a v ie r  a lk a l i s  l i e  w e l l  a b o v e  th e  ex p e r im e n ta l  

v a l u e s .



Karule and P eterk op  h a v e  u se d  se m ie m p ir ic a l w a v e  fu n c tio n s  

b a s e d  on  a p o te n t ia l  d e term in ed  b y  G a sp a r . 1 0  In order to  d e term in e  

th e  e f f e c t  o f  w a v e  fu n c t io n s  on  th e  r e s u lt s ,  th e y  r e p e a te d  th e  c a lc u la ­

t io n s  on  C s , u s in g  w a v e  fu n c t io n s  c o rresp o n d in g  to  S to n e 's  p o te n t ia l .  

T h e se  w a v e  fu n c t io n s  w er e  c h o s e n  to  g iv e  a g reem en t b e tw e e n  e x ­

p er im en ta l and c a lc u la te d  o s c i l la t o r  s tr e n g th s .  The r e s u lt in g  c r o s s -  

s e c t io n s  w e r e  in c r e a s e d  b y  15%.

Thus th e  e f f e c t iv e n e s s  o f  th e  c l o s e  c o u p lin g  a p p rox im ation  

in  d e term in in g  e x c i t a t io n  c r o s s - s e c t i o n s  for th e  a lk a l i s  i s  lim ited  

n o t o n ly  b y  th e  e x c lu s io n  o f  im portant s t a t e s  from th e  e x p a n s io n  for  

c o m p u ta tio n a l r e a s o n s ,  but a l s o  b y  th e  s e n s i t iv i t y  o f  th e  f in a l  

r e s u lt s  to  th e  p a r tic u la r  c h o ic e  o f  w a v e  fu n c t io n s .  It s e e m s  th a t  

o n ly  e x p e r im e n ta l d a ta  ca n  r e s o lv e  t h e s e  d i f f i c u l t i e s .



III. E xperim ent

A. G en era l D e s c r ip t io n

A b lo c k  d iagram  o f  th e  a p p a ra tu s  u se d  i s  sh o w n  in  F igure 1 .

The o v e n  p ro d u ces  a  beam  o f  p o ta ss iu m  atom s w h ic h  i s  v e lo c i t y  s e le c t e d  

b y  a S te m -G e r la c h  m a g n e t. The beam  Is  c r o s s - f ir e d  b y  a m od u la ted  

e le c tr o n  beam  c a u s in g  s c a tte r e d  a to m s to  r e c o i l  from th e ir  in i t ia l  

t r a je c t o r ie s .  The atom  beam  i s  th en  in c id e n t  upon  a c o n v e n t io n a l  hot 

w ire  d e te c to r  and th e  r e s u lt in g  io n  cu rren t a m p lif ied  by  a B endix  e le c tr o n  

m u lt ip lie r . The e n tir e  d e te c to r  a s s e m b ly  r o ta te s  a b o u t a g lm b e l p la c e d  

c l o s e  to  th e  in te r a c t io n  ch am b er and a t a n y  g iv e n  a n g le  d e t e c t s  th e  

num ber o f  a to m s s c a tte r e d  in to  a s m a ll  a n g u la r  ran ge ab ou t th a t a n g le .

The a p p a ra tu s  c o n s i s t s  o f  four ch am b ers c o n ta in in g  th e o v e n  

s o u r c e ,  e le c tr o n  g u n , d e te c to r  and a d if f e r e n t ia l ly  pum ped s e c t io n .

One s id e  o f  th e  S te m -G e r la c h  m a g n et i s  c o n n e c te d  to  th e  d if f e r e n t ia l ly -  

pum ped ch a m b er , and th e o th er  s id e  to  th e  in te r a c t io n  ch am b er through  

a b e l lo w s  and a b a k e a b le  v a lv e .

The e n tir e  e x p e r im e n ta l a p p a ra tu s i s  m ounted  on  tw o  lo n g  

p a r a lle l  I -b e a m s  w h ic h  are is o la t e d  from th e  flo o r  b y  four Korfund 

sh o c k  a b s o r b e r s .  T h ese  i s o la t e  th e  sy s te m  from f lo o r  or b u ild in g  

m o v e m e n ts , and th u s  e lim in a te  a p o te n t ia l  so u r c e  o f  n o is e  in  th e  

ex p e r im e n t.

-1  7 -
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B. D e ta ile d  d e s c r ip t io n  o f  e x p e r im e n ta l s y s te m

1) S ou rce  an d  d if f e r e n t ia l ly  pum ped ch a m b ers:

A 24" lo n g  b y  11" d ia m eter  s t a in l e s s  s t e e l  c y lin d e r  w ith  a 

b u lk h ea d  w e ld e d  in  th e  c e n te r  p r o v id e s  tw o  c h a m b e r s , o n e  o f  w h ic h  

i s  u se d  to  h o u s e  th e  a lk a l i  o v e n  so u r c e  and th e  o th er  to  p ro v id e  a 

s ta g e  o f  d if f e r e n t ia l  pum ping- The so u r c e  ch am b er i s  pum ped b y  a 

2 4 0 0  l i t e r / s e c  NRC d if fu s io n  pum p, freon  c o o le d  b a ff le  and liq u id  

n itr o g e n  tr a p , and a s t a in l e s s  s t e e l  g a te  v a lv e  p erm its th e  I s o la t io n  

o f  th e  ch am b er from th e  pump s t a c k .  The d if f e r e n t ia l ly  pum ped ch am b er  

i s  e v a c u a te d  by  a  1000  l i t e r / s e c  D r e s se r  d if fu s io n  pump w ith  freon  

c o o le d  b a f f le  and a  g a te  v a lv e  a g a in  a l lo w s  t h is  s e c t io n  to  b e  i s o la t e d  

from th e  p u m p s. The ch a m b ers are c o n n e c te d  b y  a 1 /4 "  h o le  in  th e  

b u lk h e a d . The fo r e lln e  c o n n e c t io n  o f  b o th  NRC and D r e s s e r  pum ps 

are jo in e d  in  s e r ie s  to  a tw o  s ta g e  M o d el E D -500 Edwards fore pump 

w h ic h  r e d u c e s  th e  p r e ssu r e  to  a b ou t 10 m ic r o n s . The forepum p i s  a l s o  

c o n n e c te d  through  ap p rop ria te  v a lv e s  to  both  so u r c e  and d if fe r e n t ia l  

ch a m b ers  th u s  a llo w in g  them  to  b e  o p en ed  up  and e v a c u a te d  to  fo r e lin e  

p r e ssu r e  w ith o u t le t t in g  th e  pump s ta c k s  up to  a ir .  T h is p r o v id e s  fa c t  

r e c y c lin g  tim e w h en  m o d if ic a t io n s  are m ade or a lk a l i  o v en s r e lo a d e d .

Two U ltek  z e o l i t e  t r a p s , in s t a l le d  in  th e  fo r e l ln e  b e tw e e n  forepum p  

and d if fu s io n  pum ps p rev en t m ig ra tio n  o f  forepum p o i l  to  th e  d if fu s io n

- 1 8 -



pum ps w h ic h  u s e  DC 7 0 5 ,

The fo r e lin e  p r e ssu r e  i s  m on itored  b y  an Edw ards M o d el B5 

vacuum  g a u g e .  W hen th e  p r essu re  e x c e e d s  a p r e se t  v a lu e  (sa y  40  

m ic r o n s ) , a p n e u m a tic a lly  o p era ted  v a lv e  in  th e  fo r e lln e  i s  c l o s e d ,  

p ow er to  th e  d if fu s io n  pum ps i s  sh u t o f f ,  and th e  so u r c e  and d iffe r e n ­

t ia l  ch a m b ers i s o la t e d  from th e  pump s ta c k s  b y  m ea n s  o f th e  g a te  v a lv e s  

(a ls o  p n e u m a tic a lly  o p e r a te d ) . T h is p r e v e n ts ''d isa s te r "  in  c a s e  o f  an  

e le c t r ic a l  p ow er fa ilu r e  or su d d en  le a k  in  th e  vacu u m  s y s t e m .

Both ch a m b ers are m ounted on  T hom pson  b a ll  b u sh in g s  w h ic h  

perm it them  to  be m oved  p e r p e n d ic u la r ly  to  th e  I b e a m s . The b u sh in g s  

are in  turn m ounted  on  s t e e l  p la te s  w h ic h  c a n  s l id e  a lo n g  th e  I b ea m s  

on  b ea r in g  s u r fa c e s  c o n s tr u c te d  b y  m ounting row s o f  1 /4 "  s t e e l  b a l l s  

on  p la te s  r ig id ly  b o lte d  to  th e  b e a m s . Both m o tio n s , p a r a lle l  and  

p er p e n d ic u la r , f a c i l i t a t e  th e  a lig n m en t and h o o k -u p  o f  th is  s e c t io n  

w ith  th e  r e s t  o f  th e  e x p e r im e n ta l s y s t e m .

The a lk a l i  o v e n  i s  id e n t ic a l  to  o n e  u se d  a t N ew  York U n iv e r s ity  

and i s  c o n s tr u c te d  from m o n e l. It b a s ic a l ly  c o n s i s t s  o f  a w e l l  to  c o n ­

ta in  th e p o ta ss iu m  and a lo n g  narrow (0 .040'*  in  d ia m eter) c h a n n e l  

w h ic h  a l lo w s  th e  p o ta ss iu m  v a p o r  to  e m e r g e . Two k n ife  e d g e  s l i t s  a t  

th e  end o f  th e  c h a n n e l are u se d  to  form th e  atom  b ea m . The s l i t

-19 -



s p a c in g  i s  t y p ic a l ly  0 .0 0 4 " .  The o v e n  i s  brought up  to  o p era tin g  

tem p eratu re by  tw o  V u lcan  h e a te r s  m ounted  c l o s e  to  th e  s l i t s  and  i t s  

tem p eratu re m on itored  b y  c h r o m e l-a lu m e l th er m o c o u p le s  m ounted  at  

th e  rea r . Further d e t a i l s  o f  th e  o v e n  c a n  be found in  r e fe r e n c e  5 .

In ord er to  m a in ta in  an atom  beam  for a s  lo n g  a s  p o s s ib le  

w ith o u t o p e n in g  up  th e  sy s te m  to  a tm o sp h e r e , tw o  id e n t ic a l  o v e n s  are 

u se d  in  th e s o u r c e  ch a m b er . T hey are su p p orted  on  tw o  p la te s  a tta c h e d  

to  a 5 /8 "  Edw ards fe e d th r o u g h , and r e s t  on  s t e e l  p in s  w h ich  p rovid e  

th erm al i s o la t io n .  The feed th ro u g h  i s  a tta c h e d  to  a 10" b r a s s  f la n g e  

w h ic h  i s  m ounted on  a 1 2 " d ia m eter  port a t th e  top  o f  th e ch a m b er.

It c a n  be m oved  v e r t ic a l ly  to  bring e ith e r  o v e n  in to  p o s i t io n ,  and c a n  

a l s o  be ro ta ted  to  m ove th e  o v e n s  on  or o f f  th e  a p p a ra tu s a x i s .  L ead s  

for th e  h e a tin g  e le m e n ts  and th e r m o c o u p le s  are brought to  tw o  8  p in  

fe ed th r o u g h s  b ra zed  in to  th is  f la n g e . In a d d itio n  t h is  f la n g e  su p p o rts  

a co p p er  c y l in d e r ,  w rap p ed  w ith  c o i l s  and freon  c o o le d .  T his trap i s  

u se d  to  c o n d e n s e  th e  u n w an ted  p o ta ss iu m  vap or w h ic h  e m e r g e s  from th e  

o v e n .

W ith  the o v e n  a t  o p era tin g  tem p era tu re , th e  p r essu re  in  th e

- 7
so u r c e  ch am b er i s  t y p ic a l ly  1 x 1 0  Torr, w h ile  th a t in  th e  d if fe r e n t ia l

_ 8
ch am b er i s  on the order o f  8 x 1 0  Torr.
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2) S te m -G e r la c h  m agn et:

The S te m -G e r la c h  m agn et i s  c o n v e n t io n a l  w ith  p o le  f a c e s  

fa a ch in ed  to  fo llo w  the e q u ip o te n t ia l  o f  a tw o  w ire  ln h o m o g en e o u s  

m a g n et f ie ld ^ 1 1 ^. F igure 2 sh o w s  a c r o s s  s e c t io n  o f  th e  m agn et  

u s e d .  T h is g eo m etry  g iv e s  a e e t i n d e t e *  f ie ld  to  g ra d ien t ra tio  o f  

1 0 /c m . The p o le  p ie c e s  are 4" lo n g  and are m ounted  In s id e  a r e c ­

ta n g u la r  s t a i n l e s s  s t e e l  tu be on  su p p o rts  w h ich  perm it In d ep en d en t  

h o r iz o n ta l and v e r t ic a l  a d ju stm en t o f  b o th  e n d s .  A c c u r a te ly  m ach in ed  

s t a in l e s s  s t e e l  s p a c e r s  f ix  th e  m agn et g ap  a t 0 .0 3 2 " .  S l i t s  a t th e  

e x i t  en d  o f  th e  m agn et w ere  s e t  a t 0 . 0 1 0 " in  th e  c e n te r  o f  th e  g a p .

3) In ter a c tio n  cham ber:

T h is  ch am b er i s  c o n s tr u c te d  from Type 304  s t a i n l e s s  s t e e l  Cml

i s  e v a c u a te d  by a G en era l E le c tr ic  120 l i t e r / s e c  io n  pump a p p en d ed  to

a 6 " port a t  th e  b o tto m . The S te m -G e r la c h  m agn et i s  c o n n e c te d  to  a 

1 "1 - O .D .  in le t  port b y  s u ita b le  a d a p te r s  through a S t a in le s s  s t e e l
f a r

b e llo w s  and 3 /4 "  I .D ,  s tr a ig h t through v a lv e  s u p p lie d  b y  C a lifo r n ia  

P h y s ic s  P ro d u cts . T h is  v a lv e  w h ic h  i s  c a p a b le  o f  b e in g  b ak ed  to  

3 0 0 °  C c lo s e d  e n a b le s  th e  in te r a c t io n  ch am b er to  be i s o la t e d  from th e  

so u r c e  ch am b er w h en  an e x p e r im e n t i s n ' t  b e in g  run , and r e d u c e s  th e  

p o s s ib i l i t y  o f  co n ta m in a tio n  in  th e  e le c tr o n  gun d u e to  m ig ra tio n  o f  

o i l  vap or from th e  d if fu s io n  pump in  th e  d if fe r e n t ia l  ch a m b er .

- 2 1 -
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The b e l lo w s  a l lo w s  the In te ra c tio n  and d if f e r e n t ia l ly  pum ped  

ch a m b ers to  be m oved  In d e p e n d e n tly . An 8 " f la n g e  m ounted  on  a part 

a t th e top  o f  th e  ch am b er Is u se d  for th e  e le c tr o n  gun support and  

e le c t r ic a l  fe e d  th r o u g h s . The gun sup p ort c o n s i s t s  o f  a h o llo w  s t a i n l e s s  

s t e e l  tu b e a tta c h e d  to  a 2 - 3 /4 "  V arlan f la n g e .  The m ate for t h is  f la n g e  

Is  w e ld e d  to  on e  s id e  o f  a M e ta l B e llo w s  C orp oration  b e l lo w s  w h ich  

p erm its 1 11 o f  v e r t ic a l  m o v em en t. The o th er  s id e  o f  th e  b e l lo w s  i s  

w e ld e d  to  a 1 - 1 / 2 " apertu re lo c a te d  in  the c e n te r  o f th e  8 " f la n g e .

A m icrom eter  h ea d  w ith  1" tr a v e l i s  a tta c h e d  to  th e  2 - 3 /4 "  f la n g e  and  

su p p orted  on  a r ig id  stru ctu re  w h ic h  i s  b o lte d  to  th e fa c e  o f  th e  la rg e  

f la n g e .  The m icrom eter  th u s  d r iv e s  the s m a ll f la n g e  to  w h ich  th e  gun  

su p p ort tu be i s  a t ta c h e d , and th e  gun c a n  b e  m oved  v e r t ic a l ly  o v e r  a 

range o f  1 " .

A liq u id  n itro g en  d ew ar i s  a l s o  su p p orted  from th e 8 " f la n g e  

and c a n  be f i l le d  through a tu be c o n n e c t in g  th e f la n g e  and d e w a r .

W hen th e gun h a s  b e e n  a s s e m b le d  and i s  in  p o s i t io n ,  a s t a i n l e s s  s t e e l  

c y l in d e r ,  w ith  e n tr y  and e x i t  a p ertu res  for th e  atom  b ea m , c a n  be  

a tta c h e d  to  t h is  d ew ar e n a b lin g  th e  a rea  around th e  gun to be c o o le d  

to  l iq u id  n itro g e n  te m p e r a tu r e s .

The ch am b er i s  b o lte d  to  an alum inum  ta b le  w h ic h  i s  m ounted  

on  tw o  T hom pson b a l l  b u s h in g s ,  and c a n  b e  m oved  p erp en d icu la r  to
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th e  I -b e a m s  w ith  a m icrom eter  d r iv e . A d d it io n a lly , It c a n  be ro ta ted  

r e la t iv e  to  th is  ta b le  w ith  th e  u s e  o f  tw o  le a d  s c r e w s .  Thus th e  gun  

I t s e l f  c a n  be m oved  v e r t ic a l ly ,  h o r iz o n ta lly  or r o ta te d . A ll o f  th e s e  

m o tio n s  are u se d  in  th e l in e  up o f  the a p p a r a tu s .

U nder o p e ra tin g  c o n d it io n s ,  the p ressu re  in  th is  ch am b er i s

- 9
t y p ic a l ly  on th e order o f  7x10  Torr.

4) D e te c to r  ch am b er and tw o  d im e n s io n a l m otion :

T h is  cham ber and th e c o n n e c t in g  p ie c e s  to  th e in te r a c t io n  

ch am b er are a l s o  fa b r ic a te d  from T ype 304  s t a in l e s s  s t e e l ,  and a l l  

p arts are b a k e a b le  to  4 5 0 °  C .  It i s  e v a c u a te d  by a G en era l E lec tr ic  

8  l i t e r / s e c  io n  pump a p p en d ed  to  a 1 - 1 /2 "  port a t  th e  s id e .  The 

ch am b er i t s e l f  i s  a lm o s t  id e n t ic a l  to  th e  o n e  ju s t  d e s c r ib e d .  The tu be  

u se d  to  support the atom  beam  d e te c to r  i s  I d e n t ic a l to  th a t u se d  to  

sup p ort th e  gun and c a n  be m oved  v e r t ic a l ly  o v e r  th e  sa m e r a n g e . A 

liq u id  n itro g en  d ew a r  i s  a g a in  a p p en d ed  to th e  top  f la n g e .  The atom  

beam  e n te r s  through a 1 - 1 / 2 " p o rt, and v is u a l  s ig h t in g  a lo n g  the  

e n t ir e  a p p aratu s i s  p rov id ed  b y  a 1 - 1 / 2 " w in d ow  o p p o s it e  the en try  

p ort.

The d e te c to r  ch am b er i s  c o n n e c te d  to  th e  in te r a c t io n  ch am b er  

b y  a 13" lo n g  by 1 - 1 /2 "  O .D .  s t e e l  tu be and 4 - 1 /2 "  I .D .  M e ta l
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B e llo w s  C orp oration  b e l lo w s .  A liq u id  n itro g e n  d ew a r  i s  c o n s tr u c te d  

around the c o n n e c t in g  tu b e . The b e l lo w s  f la n g e  n e a r e s t  to  th e  d e te c to r  

ch am b er Is  c o n n e c te d  to  a g lm b e l through  tw o  s t e e l  p ie c e s  w ith  b ro n ze  

b u s h in g s .  The g lm b el I t s e l f  I s  m ounted  on  a 1" th ic k  alum inum  ta b le  

w h ic h  Is  b o lte d  r ig id ly  to  th e  I -b e a m s , and p erm its th e d e te c to r  ch am b er  

to  ro ta te  in  tw o  p la n e s  a b ou t the g lm b e l a x e s .

The ch am b er Is c o u n te r b a la n c e d  b y  a s u ita b le  w e ig h t  s u sp e n d e d  

from a stru ctu re  b o lted  to  th e  fram e o f  th e a p p a r a tu s . The p u lle y  from  

w h ic h  th e c o u n te r b a la n c in g  w e ig h t  i s  su s p e n d e d  i s  a tta c h e d  to  th e  

su p p ort s tru ctu re  in  su c h  a w a y  th a t i t  c a n  m ove in  tw o  d im e n s io n s  in  

th e  h o r iz o n ta l p la n e , th u s  a l lo w in g  th e  w e ig h t  to  fo llo w  th e  ch am b er a s  

i t  m o v e s ,  and e n su r in g  th a t it  i s  p rop erly  b a la n c e d  w h er ev er  it  m o v e s .  

The tw o  d im e n s io n a l m otion  o f the c o u n te r b a la n c in g  support stru ctu re  

i s  p rov id ed  b y  T hom pson b a ll  b u s h in g s .

The ex p er im en t b e in g  rep orted  h ere req u ires  th e d e te c to r  to  be  

m oved ou t o f  th e  p la n e  o f  s c a t t e r in g ,  w h ic h  in  th is  c a s e  m ea n s  v e r ­

t i c a l l y ,  a s  w e l l  a s  in  a h o r iz o n ta l d ir e c t io n  s o  th a t a l l  p o in ts  in  th e  

d if fe r e n t ia l  r e g io n  ca n  be s c a n n e d . T his i s  a c c o m p lis h e d  by the u s e  

o f  tw o  le a d  s c r e w s ,  d r iv en  b y  S lo sy n  s te p p in g  m o to r s . The le a d  s c r e w  

for th e v e r t ic a l  m otion  p u s h e s  a g a in s t  th e  sm ooth  su r fa c e  o f  th e  f la n g e  

a t  th e  bottom  o f  th e ch a m b er , w h ile  th a t for th e  h o r iz o n ta l m otion
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p u s h e s  a g a in s t  a r igh t a n g le d  p la te  la p p ed  to  a 5 m icron f in is h  and  

b o lte d  to  th e  s id e  o f  th e  ch a m b er . The n u ts  for t h e s e  s c r e w s ,  4" lo n g  

to  p rev en t a n y  tr a n sv e r s e  m o v em en t, are b o lte d  r ig id ly  to  th e  sup p ort 

fram e o f  th e  a p p a r a tu s , and th e  s te p p in g  m otors are free  to  m ove on  

tr a c k s  provid ed  by b a ll  b u s h in g s .  B a c k la sh  p rob lem s are e lim in a te d  

a lm o st  c o m p le te ly  by  c o u n te r b a la n c in g  th e  ch am b er s o  th a t it  i s  a lw a y s  

fo rc e d  a g a in s t  th e  le a d  s c r e w s .  In th e  c a s e  o f  the v e r t ic a l  le a d  s c r e w ,  

t h i* , ia c 4 d l i i« b t i ib y  o f f s e t t in g  th e c o u n te r b a la n c in g  a lr ea d y  in  e f f e c t ;  

for the h o r iz o n ta l a s u ita b le  w e ig h t  i s  a llo w e d  to  hang v e r t ic a l ly  and  

i s  a tta c h e d  to  th e ch am b er b y  m ea n s  o f  a p u l le y .  C are i s  ta k en  to  

e n su r e  th a t th e  s i z e  o f  th e  c o u n te r b a la n c in g  w e ig h ts  i s  s u f f ic ie n t  to  

e lim in a te  th e  b a c k la s h  and y e t  s m a ll en o u g h  to  p reven t sc r a tc h in g  o f  

th e c o n ta c t  s u r fa c e s  by  th e  b a ll  b e a r in g s  m ounted  a t the end  o f  th e  

s c r e w s .

Two lin e a r  p o te n tio m e te r s , fed  b y  a c o n s ta n t  v o lta g e  pow er  

s u p p ly , are m ounted  on th e  le a d  s c r e w  su p p ort stru ctu re  and e n a b le  

th e  d e te c to r  c o o r d in a te s  to  be m on itored  e le c t r o n ic a l ly .  The p o te n ­

t io m e te r s  are c a lib r a te d  by  d ia l  g a u g e s  m ounted  a lo n g s id e ,  and w ith  

th e  v o lta g e  m ea su r in g  s y s te m  d e s c r ib e d  la te r  h a v e  a r e s o lu t io n  o f  

b e tte r  than  0 . 0 0 0 1 " .

The m otion  Just d e s c r ib e d  h a s  perform ed e x c e e d in g ly  w e l l
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th rou gh ou t th e  c o u r s e  o f  t h is  e x p e r im e n t. The S lo sy n  s te p p in g  m otors  

u s e d  in  c o n ju n c tio n  w ith  a t w o - a x is  S lo sy n  in d e x e r  perm it v e r y  p r e c is e  

m o v em en ts  o f  th e  le a d  s c r e w s ;  e a c h  s t e p  o f  e i th e r  m otor co r r e sp o n d s  

to  a la te r a l m ovem en t o f  ab ou t 0 .0 0 0 1 " .  W ith  th e e lim in a t io n  o f  le a d  

s c r e w  b a c k la s h , and th e  s p a t ia l  r e s o lu t io n  w h ic h  th e  s te p p in g  m otor 

s y s te m  p e r m its , d e te c to r  c o o r d in a te s  are rep ro d u c ib le  to  b e tte r  than  

0 .0 0 0 5 " ,  an  a c c u r a c y  w h ich  i s  m ore th an  a d eq u a te  for th e  ex p er im en t  

b e in g  rep orted  h e r e .

5) Hot w ire  d e te c to r :

The atom  beam  d e te c to r  i s  a c o n v e n t io n a l h e a te d  h ot w ire  m ade  

from 0 .0 1 0 "  x  0 .0 0 0 5 "  p latinum  s tr ip . To e n su r e  th e  la r g e s t  work  

fu n c tio n  p o s s i b l e ,  th e  h ig h e s t  p u rity  grad e o b ta in a b le  for p latin u m  w a s  

p ro cu red . The Wire i s  m ounted  on  a c e r a m ic  b lo c k , w ith  o n e  en d  

r ig id ly  f ix e d  and th e  o th er  free  to  m ove a lo n g  i t s  le n g th  and s u ita b ly  

c o u n te r b a la n c e d  to  e n su r e  th a t th e w ire  rem a in s tau t a t a l l  te m p e r a tu r e s .  

The w ire  i s  fed  by a c o n s ta n t  cu rren t p ow er s u p p ly .

P o ta ss iu m  a to m s s tr ik in g  th e  hot w ire  su r fa c e  are a d so rb ed  

and th en  e v a p o r a te  a s  i o n s .  T h ey  em erg e  a t  r igh t a n g le s  to  th e  s u r fa c e ,  

and are a c c e le r a te d  to  a p la t e .  A s lo t  i s  c u t  in  th e  p la te  to  perm it th e  

in c id e n t  atom  beam  to  p a s s  through and th e io n  cu rren t to  b e c o l l e c t e d .

It i s  th e n  a m p lif ie d  u s in g  a B end ix  M -3  10B e le c tr o n  m u lt ip lie r .
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The w id th  o f  th e  d e te c to r  Is  f ix e d  b y  th e  w id th  o f  th e  w ir e ,  In th is  

c a s e  0 . 0 1 0 ", and th e  h e ig h t d e p e n d s  on th e a n g le  o f  th e  w ire  in  r e la t io n  

to  th e d ir e c t io n  o f  th e  in c id e n t  b ea m , th e w id th  o f  th e  s lo t  in  the  

a c c e le r a t in g  p la te  and i t s  d is ta n c e  from the h ot w ire  i t s e l f .  T h is i s  

i l lu s tr a te d  in  F igure 3 . The s lo t te d  p la te  h a s  a fo c u s in g  e f f e c t  on  

th e  io n s  em erg in g  from th e hot w ire  s u r fa c e , and t h is  c a n  be u se d  

a d d it io n a lly  to  v ary  th e  e f f e c t iv e  h e ig h t  o f  th e  d e te c to r . An atom  beam  

i s  form ed by p la c in g  an  0 .0 0 4 "  x  0 .0 0 4 "  s l i t  in  front o f  th e  e le c tr o n  

gu n  in  th e  in te r a c t io n  ch a m b er , and F igure 4 sh o w s  v e r t ic a l  p r o f ile s  o f  

t h is  beam  for v a r io u s  a c c e le r a t in g  p la te  v o l t a g e s .  It i s  c le a r  that th e  

s h a p e  o f  o n e  s id e  o f  th e  p ro file  i s  u n a ffe c te d  b y  th e  c h o ic e  o f  b ia s  

v o l t a g e ,  w h ile  th e  o th er  s id e  d e p e n d s  c r i t ic a l ly  on  th e  b ia s .  Figure 3 

s h o w s  th a t in  fa c t  o n e  s id e  o f the io n  p r o file  sh o u ld  not b e  a f fe c te d  by  

the p la te ,  w h e r e a s  th e  o th er  s id e  w i l l  be d eterm in ed  to  a g r e a t  e x te n t  

b y a n y  cu rvatu re  in  th e  io n  p a th s  from w ire  to  a c c e le r a t in g  p la t e .  At 

h ig h er  b ia s  v o l t a g e s ,  the sh a p e  o f  th e  cu rv e  rem a in s  u n ch a n g ed  

in d ic a t in g  th a t th e  io n s  are fo llo w in g  s tr a ig h t  l in e  p a th s .  The e f f e c t iv e  

d e te c to r  h e ig h t  c a lc u la te d  on  th is  b a s i s  and sh o w n  in  Figure 3 a g r e e s  

w e l l  w ith  th a t found e x p e r im e n ta lly  from the sh a p e  o f  th e p r o f ile s  and  

th e  know n d im e n s io n s  o f  th e  b ea m . D uring an  ex p er im en t th e  p la te  

i s  h e ld  a t a v ery  h ig h  v o lta g e  (about -  450  V o lts)  to  e n su r e  th a t a l l
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th e  Ion s art* c o l l e c t e d ,  (a lth o u g h  th ere  i s  l e s s  than  a 1 0 % c h a n g e  in  

io n  cu rren t from - 5  V o lts  up to  - 5 0 0  V o lt s ) ,

The e f f i c i e n c y  o f th e  d e te c to r  Ju st d e s c r ib e d  i s  not know n  

a c c u r a t e ly ,  but e x p e r im e n ts  h a v e  b e e n  d on e e ls e w h e r e  to  m ea su re  t h is  

q u a n tity , and it  i s  g e n e r a lly  r e c o g n iz e d  to  be g re a ter  than 90% .

6 ) S te m -G e r la c h  p a ttern s  and v e lo c i t y  s e le c to r :

In order to p rod u ce a v e lo c i t y  s e le c t e d  beam  on the a x i s  o f  the  

a p p a r a tu s ,th e  o v e n  w a s  d is p la c e d  a b ou t 0 .0 4 0 "  o f f  a x i s .  T h is w a s  

a c c o m p lis h e d  b y  s im p ly  ro ta tin g  th e  Edw ards feed th ro u g h  to  w h ich  th e  

o v e n  sup p ort p la te  i s  a t ta c h e d . T r a je c to r ie s  o f a to m s in  th e  req u ired  

s p in  s ta te  are b en t to w a rd s the a x i s ,  th e  s lo w e r  a to m s b e in g  d e f le c te d  

m o re. The e x i t  s l i t  o f  th e  m agn et a c t s  a s  a v ir tu a l so u r c e  o f  a tom s;  

tr a je c to r ie s  o f  s p in  s e le c t e d  a to m s d iv e r g e  from th is  s l i t ,  and th e  

e n t ir e  spectru m  o f v e l o c i t i e s  i s  d is tr ib u te d  s p a t ia l ly  a c r o s s  th e  

em erg in g  b e a m . The m agn et g ap  i s  s u f f ic ie n t ly  g rea t that o n ly  the v ery  

f a s t  and v e r y  s lo w  a to m s are rem oved  from the s ta te  sfeleotdd beam  due  

to  c o l l i s i o n  w ith  m agn et p o le  f a c e s .

F igure 5 s h e w s  a p lo t o f  atom  beam  in te n s ity  a t  th e  d e te c to r  

a s  a fu n c tio n  o f th e  h o r iz o n ta l p o s it io n  o f  th e  h ot w ir e .  T h is p ro file  

r e p r e s e n ts  a  m o d ified  M a x w e llia n  d is tr ib u t io n .

3 -m v 2 /2 k T
f (V)

- 2 6 -



p lo tte d  a s  a fu n c tio n  o f  l / v 2  . It i s  e v id e n t  th a t c o n d it io n s  are su c h  

th a t  both  sp in  s t a t e s  le a v e  the m a g n e t, but th a t th e tw o  are s p a t ia l ly  

s e p a r a te d . Figure 5 a l s o  sh o w s  th e  atom  beam  p r o file  a fter  the  

e le c tr o n  gu n  w ith  i t s  0 .0 0 4 "  x  0 .0 0 4 "  s l i t s  h a s  b ee n  lo w ered  in to  

p o s it io n .

A d e ta ile d  a n a ly s i s  on  th e u s e  o f  a S te m -G e r la c h  m agn et a s  a

( 1 2 )v e lo c i t y  s e le c t o r  h a s  b e e n  g iv e n  by  Rubin and B ed erson  . T hey  

c a lc u la t e  th e atom  beam  v e lo c i t y  d is tr ib u tio n  to  be w / s  w h ere w  i s  

th e  o v e n  s l i t  w id th , and s th e  d is t a n c e  the o v e n  i s  m oved  o ff  a x i s .

The figu re  o b ta in ed  by t h is  m ethod  a g r e e s  w e l l  w ith  th e v a lu e  c a lc u ­

la te d  b y  s im p ly  com p aring  th e  fu ll  beam  in te n s i ty  w ith  th e  o v e n  on  

a x is  to  th e  m axim um  beam  tra n sm itted  w ith  th e m agn et on  arid th e  o v e n  

o f f  a x i s .
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C . E lectron  Gun

1 ) D e s ig n :

The e le c tr o n  gun em p lo y e d  in  th e  p r e s e n t  e x p er im en t i s  id e n t i­

c a l  to  o n e  d e s ig n e d  and n ow  in  e x t e n s iv e  u s e  a t th e  A tom ic Beam s  

L aboratory o f  N ew  York U n iv e r s ity .  It h a s  b e en  d e s c r ib e d  in  g rea t  

d e t a i l  in  r e fe r e n c e s  (13) and (1 4 ) , and o h ly  a b r ie f  d e s c r ip t io n  w i l l  

b e g iv e n  h e r e . F ig u res  6  through  12 sh o w  d e t a i l s  o f  th e  gu n  e le m e n ts  

and a s s e m b ly .

Four 0 .0 6 0 "  d ia m eter  c e r a m ic  r o d s , m ou nted  in  a c c u r a te ly  

lo c a te d  h o le s  in  a m olybdenum  " ch an n el"  b lo c k ,  form th e  b a s i s  for the  

g u n . A ll gun e le m e n ts  h a v e  four m a tch in g  h o le s ,  0 .0 6 1 "  in  d ia m e te r ,  

and are s ta c k e d  s e q u e n t ia l ly  on  th e  r o d s .  The g r id s ,  su p p lie d  by  

B u ck b ee M ea rs  C o m p a n y , are m ade b y  p h o to e tc h in g  0 .0 0 2 "  m olybdenum  

s h e e t ,  a p r o c e s s  w h ic h  p erm its  th e  lo c a t in g  h o le s  to  b e  d r ille d  to  a  

v e r y  p r e c is e  to le r a n c e  w ith  r e s p e c t  to  th e  grid  m e s h . W hen s ta c k e d  

on th e  c e r a m ic  r o d s ,  s p a t ia l  a lig n m e n t o f  th e  grid  m e s h e s  i s  th u s  

a s s u r e d ,  and th e  num ber o f  s e c o n d a r y  e le c t r o n s  prod u ced  b y  c o l l i s i o n s  

w ith  th e  grid  stru ctu re  i s  g r e a t ly  r e d u c e d .

The e le c tr o n  so u r c e  for th e  gun i s  an in d ir e c t ly  h e a te d  o x id e  

c o a te d  c a th o d e  ta k e n  from a R aytheon  4D 3 2  tu b e . The m ic a  in su la to r s
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from t h is  tu b e a re  m ou nted  on  th e "ch a n n e l"  b lo c k  and are u s e d  to  

sup p ort th e  c a th o d e .  A tan ta lu m  h e a t  s h ie ld  r e d u c e s  h e a t  l o s s  from 

th e  c a th o d e  b y  r a d ia t io n . The c a th o d e  i s  o p era ted  a t  a tem perature  

o f  7 0 0 °  K, so m ew h a t l e s s  than  i t s  o p er a tin g  tem p eratu re in  the 4 D 3 2 .

The in s u la to r s  w ere  m ade from 99 .9 9 %  Aluminum O xid e and  

su p p lie d  b y  S h e ff ie ld  P r e c is io n  C e r a m ic s , N ew  J ersey  in  tw o  th ic k ­

n e s s e s ,  0 .0 1  O'* and 0 .0 2 0 " .  The u s e  o f  an o p en  stru ctu re  e n s u r e s  

th a t th e y  are w e l l  rem oved  from th e  path  o f  th e  e le c tr o n  beam  to  

p rev en t ch a rg e  a c c u m u la tin g  on them  and th u s  c a u s in g  u n w an ted  

tr a n sv e r s e  f i e l d s .  Two m olybdenum  b lo c k s ,  w ith  lo c a t in g  h o le s  

m a ch in ed  to  a v e r y  h ig h  to le r a n c e ,  form th e e q u ip o te n t ia l  r eg io n  w h ic h  

i s  0 .2 5 0 "  lo n g  and 0 .0 6 2 "  h ig h . The atom  beam  is  c o l l im a te d  to  

0 .0 0 4 "  x  0 .0 0 4 "  a t th e  e n tra n ce  to  th e c h a n n e l b y  a s e t  o f s l i t s  

m ounted  on  th e  g u n . The s l i t s  are a d ju s te d  s o  th a t th e  beam  p a s s e s  

through  th e  c e n te r  o f b oth  th e  0 .2 5 0 "  and 0 .0 6 2 "  d im e n s io n s .  The 

h e ig h t  0 .0 6 2 "  w a s  c h o s e n  s o  that a l l  a to m s s c a tte r e d  by e le c tr o n s  

w ith  l e s s  than  6  eV  e n e r g y  c a n  e s c a p e  from th e  e q u ip o te n t ia l  reg io n  

w ith o u t m aking c o l l i s i o n s  w ith  the w a l l s .  The beam  w a s  lo c a te d  in  th e  

c e n te r  o f  th e  0 .2 5 0 "  d im e n s io n , s in c e  a c a lc u la t io n  b y  ' G a la tta  

h a s  sh o w n  th a t th e  s p a t ia l  v a r ia t io n  o f  th e  s p a c e  ch a rg e  d e p r e s s io n  

h ere  i s  a m in im um . C e lo t ta  h a s  further sh o w n  th at f le ld  p en e tra tio n

- 3 1 -



from  th e  e n d s  o f  th e  lo n g  narrow  e q u ip o te n t ia l  r e g io n  c a n  b e  n e g le c t e d  

a t th e  c e n t e r , s o  th a t  th e  e le c t r o n  e n e r g y  a t th e  atom  b eam  i s  c o n tr o lle d  

by th e  p o te n t ia l  a p p lie d  to  th e  w a l l s .

The e le c t r o n  b eam  i s  form ed b y  0 .0 3 2 "  x  1 .0 0 0 "  m a s k s .  Grid 

s e p a r a t io n  i s  f ix e d  a t  0 .0 6 0 "  w h ic h  i s  s i x  t im e s  th e  m a sk  s i z e  in  

ord er  to  r e d u c e  in te r e le c tr o d e  f ie ld  p e n e tr a t io n .  T h is  i s  im p ortan t i f  

th e  g r id s  a re  to  b e u s e d  to  s h a p e  or a lt e r  th e  e le c t r o n  e n e r g y  d is t r i ­

b u tio n  .

At th e  e x i t  en d  o f  th e  e q u ip o te n t ia l  r e g io n  a 0 .0 1 0 "  m a sk ,  

w h ic h  p ro tru d es 0 .2 5 0 "  b e y o n d  th e  gu n  stru c tu r e  i t s e l f ,  i s  u s e d  to  

p o s i t io n  th e  e le c t r o n  gu n  s o  th a t  th e  e le c t r o n s  in t e r s e c t  th e  atom  beam  

a t  r ig h t a n g l e s .  T h is  i s  a c c o m p lis h e d  b y  r a is in g  th e  gu n  u n t i l  th e  atom  

beam  p a s s e s  j u s t  b e lo w  i t ,  and th en  m o v in g  th e  gu n  h o r iz o n ta lly  (by 

m o v in g  th e  in te r a c t io n  ch a m b er  i t s e l f )  u n t i l  i t  s t r ik e s  th e  a lig n m e n t  

m a s k . The gu n  i s  th e n  r o ta te d  (a g a in  b y  ro ta tin g  th e  ch am b er) to  a 

p o s i t io n  w h e r e  th e  beam  i n t e n s i t y  i s  r e d u c e d  b y  th e  sa m e  am ou n t w h e n  

th e  ch a m b er  i s  r o ta ted  th rou gh  th e  sa m e  a n g le  in  e i t h e r  d ir e c t io n .  At 

t h is  p o in t  th e  atom  beam  i s  p a r a l le l  to  th e  e le c t r o d e ,  and  h e n c e  

p e r p e n d ic u la r  to  th e  e le c t r o n  b e a m .

Tw o e l e c t r o d e s ,  s e p a r a te d  by a n  0 .0 2 0 "  in s u la to r , are u s e d  to  

c o l l e c t  th e  e le c t r o n  c u r r e n t . T he f ir s t  e le c tr o d e  h a s  an  0 .0 0 6 "  x  1 .0 0 0 ”

- 32 -



s lo t  c u t  In th e  c e n t e r  s o  th a t th e  s e c o n d  c o l l e c t s  l e s s  th a n  2 0 % o f  th e  - 

t o ta l  c u r r e n t . S p a c e  c h a r g e  e f f e c t s  on  r e ta rd in g  p o te n t ia l  d if f e r e n c e  

m e a su r e m e n ts  ta k e n  a t  th e  s e c o n d  e le c t r o d e  a re  t h is  r e d u c e d .

The g u n  e le m e n t s  a re  c la m p e d  to g e th e r  b y  an  0 .0 6 0 "  p r e s su r e  

p la te  s c r e w e d  o n to  th e  m ain  c h a n n e l  su p p o rt b lo c k  w ith  fou r lo n g  s c r e w s .  

Four o v e r s iz e d  h o le s  w e r e  d r il le d  In a l l  th e  gu n  e le m e n ts  to  a l lo w  t h e s e  

s c r e w s  to  p a s s  th r o u g h .

A m a g n e t ic  f ie ld  o f a b o u t  1 0 0 0  g a u s s  i s  u s e d  to  c o l l im a t e  th e  

e le c t r o n  b e a m . The f ie ld  i s  p ro v id ed  b y  a C - s h a p e d  m a g n et w h ic h  w a s  

e n c a p s u la t e d  in  a s t a i n l e s s  s t e e l  h o u s in g ,  e v a c u a te d  and th en  s e a l e d .  

T he m a g n et I s  b a k e a b le  to  4 5 0 °  C . It i s  c la m p e d  to  a  p la te  an d  

m o u n ted  o n  th e  g u n  su p p o rt in s id e  th e  va cu u m  s y s te m  in  s u c h  a w a y  th a t  

th e  B -f ie ld  i s  p a r a l le l  to  th e  d ir e c t io n  o f  th e  e le c t r o n  c u r r e n t .

F in a l ly ,  a l l  g u n  p a r t s ,  w ith  th e  e x c e p t io n  o f  in s u la t o r s  and th e  

p r e s s u r e  p la t e ,  w e r e  fa b r ic a te d  from m olyb d en u m  b e c a u s e  o f  i t s  

su p e r io r  p r o p e r t ie s  a t e l e v a t e d  te m p e r a tu r e s .

2) O p eration  o f th e  gun:

( i t) ( 1 4  IS)
C o ll in s  and o th e r s  ' h a v e  g iv e n  g r ea t d e ta i l  on  th e

o p e r a tio n  and c h a r a c te r is t ic s  o f  th e  e le c tr o n  g u n , an d  th e  gu n  u s e d  in

th e  p r e sen t ex p er im en t con form s b y  and la rg e  to  th e ir  d e s c r ip t io n . A

b r ie f sum m ary fo l lo w s  b e lo w .
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The f ir s t  g r id , G j , I s  u s e d  to  c o n tr o l  th e  am ou n t o f  c u r r e n t , and  

I s  t y p ic a l ly  s e t  a t  2 . 5  v o l t s .  The s e c o n d  g r id , G ^ ,  Is  u s e d  to  c u t  o f f  

th e  lo w  e n e r g y  t a l l  o f  th e  e le c t r o n  e n e r g y  d is tr ib u t io n  and  I s  t y p ic a l ly  

o p e r a te d  at around 3 .2  v o l t s .  The th ird  gr id  G ^ , i s  o p e r a te d  a t  th e  sa m e  

p o te n t ia l  a s  th e  e q u ip o te n t ia l  c h a n n e l ,  and  i s  I n s u la te d  from th e  c h a n n e l  

s o  th a t  th e  cu rren t c o l l e c t e d  b y  It c a n  b e  m o n ito r e d . The cu rren t c o l l e c ­

te d  b y  G 3 I s  l e s s  th a n  5% o f  th e  t o ta l  c o l l e c t e d  cu rren t an d  i s  an  in d ic a ­

t io n  o f  h o w  e f f e c t iv e  th e  s p a t ia l  a lig n m e n t  o f  th e  g r id s  I s .  The cu rren t  

c o l l e c t e d  b y  th e  c h a n n e l  i s  u s u a l ly  a b o u t 1 % o f  th e  to ta l  c u r r e n t , and  

i l lu s t r a te s  th e  e f f e c t i v e n e s s  o f  th e  b eam  m a sk s  and m a g n e t ic  f ie ld  In 

c o l l im a t in g  th e  e le c t r o n  b e a m .

For th e  m e a su r e m e n t o f  g u n  c u r r e n t , th e  s l i t  a n o d e  and a n o d e  

are c o n n e c te d  a n d n n a t  25  v o l t s  p o s i t iv e  w ith  r e s p e c t  to  th e  e q u i­

p o te n t ia l  r e g io n .  The h ig h  v o lta g e  p r e v e n ts  s e c o n d a r y  e le c t r o n s  e m itte d  

from th e  s l i t  a n o d e  s u r fa c e  from retu rn in g  in to  th e  s c a t t e r in g  r e g io n , and  

a s  C e lo t t a ' s  c a lc u la t io n  h a s  s h o w n , p e n e tr a tio n  o f t h is  e le c t r o d e ’s  

f ie ld  a t th e  lo c a t io n  o f  th e  atom  b eam  (w h ich  I s  In th e  c e n te r )  I s  a lm o s t  

c o m p le te ly  n e g l ig ib l e .

A ll v o l t a g e s  for th e  gu n  e le m e n ts  a re  s u p p lie d  b y  K ep co  m od u lar  

p o w er  s u p p l ie s  o p e r a te d  in  th e  c o n s ta n t  v o l t a g e  m o d e . The p ow er  

s u p p ly  for  th e  h e a t in g  f ila m e n t  for  th e  c a th o d e  i s  o p e r a te d  in  c o n s ta n t  

cu rren t m o d e  to  a s s u r e  th e  c o n s t a n c y  o f  th e  c a th o d e  te m p e r a tu r e .
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The g u n  ju s t  d e s c r ib e d  i s  r u g g e d , m e c h a n ic a l ly  r o b u st  and  

v e r s a t i l e .  I t 's  o v e r a l l  r e l ia b i l i t y  i s  b orn e o u t by  th e  fa c t  th a t  i s  h a s  

d e l iv e r e d  la r g e  c u r r e n ts ,  c o n s ta n t  to  w ith in  1 %, o v e r  lo n g  p e r io d s ,  

w ith  p r e d ic ta b le  and r e p r o d u c ib le  o p e r a tin g  c h a r a c t e r i s t i c s .  The b a s ic  

d e s ig n ,  w ith  i t ' s  e m p h a s is  on  s p a t ia l  a lig n m e n t  o f  th e  grid  m e s h e s ,  

h a s  b e e n  v e r y  s u c c e s s f u l  in  e l im in a t in g  a lm o s t  c o m p le te ly  th e  problem  

o f  s e c o n d a r y  e l e c t r o n s ,  a fa c to r  w h ic h  h a s  h ith e r to  a f f e c t e d  th e  u s e ­

f u ln e s s  o f  t h is  ty p e  o f  g u n .

3) R etard in g  p o te n tia l)  m e a su r e m e n ts  and a b s o lu te  e n e r g y

d e te r m in a t io n :

The r e ta rd in g  p o te n t ia l  d if f e r e n c e  (RPD) t e c h n iq u e  h a s  b e e n  

u s e d  to  d e te r m in e  th e  a b s o lu t e  e n e r g y  and e n e r g y  sp r ea d  o f  th e  

e le c t r o n  b e a m . S in c e  th e  e n e r g y  a t th e  p o in t o f  in te r s e c t io n  b e tw e e n  

th e  e le c t r o n  an d  atom  b ea m s i s  r e q u ir e d , it  i s  n e c e s s a r y  to  c o r r e c t  

th e  RPD m e a su r e m e n ts  for s p a c e  c h a r g e  d e p r e s s io n  o f  th e  p o te n t ia l  

in  t h i s  r e g io n .  T h e s e  c o r r e c t io n s  in v o lv e  a s o lu t io n  o f P o ls  s o n 's  

E q u a tio n  in  th e  e q u ip o te n t ia l  r e g io n  an d  are d i s c u s s e d  in  d e t a i l  la t e r .

The r e c o i l  t e c h n iq u e  I t s e l f  a ffo r d s  th e  o p p o rtu n ity  o f  m ak in g  

a n  a b s o lu t e  d e te r m in a tio n  o f  th e  e n e r g y , and h a s  b e e n  e x p lo i t e d  w ith  

so m e  s u c c e s s  in  th e  p r e s e n t  e x p e r im e n t .  B e c a u s e  o f  th e  n o v e lty  o f  

t h i s  a p p ro a ch  an d  th e  fa c t  th a t  It e n a b le s  a b s o lu t e  e n e r g ie s  to  be
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m e a su r e d  d ir e c t ly .  It w i l l  b e  d e a l t  w ith  in  so m e  d e t a i l  a f te r  th e  RPD 

t e c h n iq u e  i s  o u t l in e d .

R etard in g  p o te n t ia l  d if f e r e n c e  m e a su r e m e n ts  are perform ed  a t  

th e  a n o d e ,  w h ic h  s a m p le s  o n ly  2 0 % o f  th e  t o ta l  e le c t r o n  beam  an d  

r e d u c e s  s p a c e  c h a r g e  d is to r t io n  o f  th e  e le c t r o n  e n e r g y  d is t r ib u t io n .  

F igu re 13 s h o w s  th e  c o n tr o l c ir c u it  u s e d  for th e  m e a su r e m e n t. The 

r e tr a n sm itt in g  p o te n tio m e te r  o f  V artan X -V  r ec o r d e r  i s  fe d  b y  a c o n s ta n t  

v o lta g e  p o w er  s u p p ly ,  an d  th e  o u tp u t i s  a p p lie d  b e tw e e n  c a th o d e  an d  

a n o d e .  A s t e p  d o w n  tra n sfo rm er  i s  u s e d  to  in tr o d u c e  a s m a ll  m o d u la ­

t io n  v o l t a g e . The prim ary o f  th e  tra n sfo rm er  i s  c o n n e c te d  to  th e  

r e fe r e n c e  o u tp u t o f  P r in ce to n  A p p lied  R e se a r c h  lo c k - in  a m p lif ie r  

o p e r a te d  a t  4 0 0  c p s .  A s th e  v o l t a g e  a p p lie d  to  th e  a n o d e .I s  in c r e a s e d ,  

cu rren t b e g in s  to  f lo w  and  a v o lta g e  w ith  a s m a ll  AC co m p o n e n t  

a p p e a r s  a c r o s s  th e  100 ohm r e s i s t o r .  T h is  AC s ig n a l  i s  c o n n e c te d  to  

th e  in p u t o f  th e  lo c k - in  and th e  o u tp u t i s  a p p lie d  to  th e  V - in p u t o f  th e  

r e c o r d e r .

Cur>re A o f  F igure 14  i s  a t y p ic a l  e x a m p le  o f  th e  r e s u lt in g  

c u r v e  w h ic h ,  In th e  AC t e c h n iq u e ,  i s  a p lo t  o f  — v s  V , w h e re  I i s  

th e  a n o d e  cu rren t and V th a  a n d d e  v o l t a g e .  A b so lu te  e n e r g ie s  are  

o b ta in e d  b y  r e d u c in g  th e  c h a n n e l  p o t e n t ia l  to  a  p o in t  w h er e  th e  cu rren t  

o b ta in e d  i s  s o  lo w  ( u s u a l ly  a b o u t 1 0  p a m p eres}  th a t  s p a c e  c h a r g e
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c o n s id e r a t io n s  d o n 't  p la y  a s ig n i f ic a n t  r o le .  The d i f f e r e n c e  b e tw e e n  

th e  a n o d e  p o te n t ia l  an d  a p p lie d  c h a n n e l  v o l t a g e  i s  th e  c o n t a c t  p o te n ­

t ia l  an d  t h is  p lu s  a d e te r m in a t io n  o f  th e  v o l t a g e  a t  th e  p ea k  o f  th e

fron t o f  th e  c a th o d e )  y ie ld s  a b s o lu t e  e n e r g ie s  to  w ith in  0 .1 5  eV .

A s e r i e s  o f  c u r v e s  o f  v e r s u s  d ia l le d  v o l t a g e  i s  sh o w n  in  F igu re 14  .d v

The p o in t a t w h ic h  th e  lo w  e n e r g y  t a i l  o f  th e  c u r v e s  m o v e s  a t th e  sa m e  

ra te  a s  th e  a p p lie d  s c a t t e r in g  v o lta g e  i s  th e  p o in t  w h e re  s p a c e  c h a r g e  

n o  lo n g e r  p la y s  a r o le .

The e le c t r o n  e n e r g y  sp r ea d  m e a su r e d  b y  th e  a b o v e  te c h n iq u e  i s  

t y p ic a l ly  0 .3 5  v o l t s  FWHM in  t h is  e x p e r im e n t .  H o w e v e r , th e re  i s  

c o n s id e r a b le  s p a c e  c h a r g e  d is to r t io n  o f  th e  RPD c u r v e  a t  th e  r e la t iv e ly  

la r g e  c u r r e n ts  u s e d  (ab out 2 0 0  ^ a m p e r e s ) . It h a s  a lr e a d y  b e e n  p o in te d  

o u t  th a t b e c a u s e  o f  th e  s lo w ly  v a r y in g  n a tu re  o f  th e  s p a c e  c h a r g e  

d e p r e s s io n  and th e  s ia e  o f  th e  atom  beam  c r o s s  s e c t i o n ,  th e re  i s  l i t t l e  

v a r ia t io n  in  p o t e n t ia l  a c r o s s  th e  atom  beam  d u e  to  s p a c e  c h a r g e .  It i s  

th u s  f e l t  th a t  th e  a b o v e  e s t im a te  o f  th e  e n e r g y  sp r e a d  i s  c o n s id e r a b ly  

g r e a te r  th a n  th e  tru e  v a lu e .

The m eth od  for d e te r m in a t io n  o f  a b s o lu t e  e n e r g ie s  J u st o u t lin e d  

h a s  to  b e  c o r r e c te d  fo r  s p a c e  c h a r g e  m o d if ic a t io n  o f  th e  p o t e n t ia l .

c u r v e  (w h ich  a l lo w s  for th e  s p a c e  c h a r g e  d e p r e s s io n  Jn
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S in c e  th e  p o t e n t ia l  o f  th e  atom  b eam  I s  d e te r m in e d  b y  th a t  a p p lie d  to  

th e  w a l l s ,  a o n e - d im e n s io n a l  s o lu t io n  o f  P o l s s o n ' s  e q u a t io n  y i e ld s  

th e  n e c e s s a r y  c o r r e c t io n .  D e t a i l s  o f  t h is  c a lc u la t io n  a re  g iv e n  In  

A p p en d ix  A,

As an  a lt e r n a t iv e  and c h e c k  o n  th e  a b o v e  t e c h n iq u e ,  a  p ro ced u re

to  f in d  th e  true p o te n t ia l  w a s  u s e d  w h ic h  m a k e s  u s e  o f  th e  p r o p e r t ie s  

o f  th e  r e c o i l  m eth od  i t s e l f .  The m e th o d , in  e s s e n c e ,  c o n s i s t s  in  th e  

lo c a t io n  o f  a  p ea k  in  th e  s c a t t e r in g  s ig n a l  a s  th e  d e te c to r  i s  s w e p t  

h o r iz o n ta l ly  in to  th e  d i f f e r e n t ia l  r e g io n .  The p ea k  o c c u r s  for tw o  

r e a s o n s :  1 } th e  d e te c to r  c o l l e c t s  a l l  p o ta s s iu m  a to m s  e x c i t e d  from  

th e  4S  to  th e  4P  s t a t e  b y  e le c tr o n s  s c a t t e r e d  th ro u g h  z e r o  d e g r e e s  

(p o la r ) , Z)  th e  i n e l a s t i c  c r o s s  s e c t io n  i s  p e a k e d  in  th e  forw ard  d ir e c ­

t io n  . T h is  w i l l  b e  tr e a te d  in  m u ch  g r e a te r  d e t a i l  in  th e  s e c t io n  on  

m om entum  tr a n s fe r  a n a l y s i s .  E q u ation  18 s h o w s  th a t th e  a n g le  o f  

r e c o i l  o f  a to m s  e x c i t e d  b y  a n  e le c t r o n  s c a t t e r e d  th ro u g h  z e r o  d e g r e e s  

i s  g iv e n  b y

mv

A
(14)

w h e r e  VA i s  th e  a to m ic  v e lo c i t y

v  i s  th e  e le c t r o n  v e l o c i t y  b e fo r e  c o l l i s i o n

v* i s  th e  e le c t r o n  v e l o c i t y  a f te r  c o l l i s i o n

m i s  th e  m a s s  o f  th e  e le c t r o n

M i s  th e  m a s s  o f  th e  a to m .

- 3 8 -



T his eq u a tio n  is  e a s i ly  rea rran g ed  to  y ie ld

(15)

w h e r e  Z i s  n o w  d is p la c e m e n t  in  th e  p la n e  o f  th e  d e t e c to r ,  L th e  d i s t a n c e  

b e tw e e n  th e  d e te c to r  and  th e  e le c t r o n  g u n , E th e  e n e r g y  o f  th e  e le c t r o n s  

in  v o l t s ,  Ex th e  e x c i t a t io n  e n e r g y  (in t h is  c a s e  1 . 6 1  e V ) , and K a c o n -

m en t w a s  p erform ed  to  lo c a t e  th e  p o s i t io n  o f  th e  e x c i t a t io n  p e a k s  a s  th e  

e n e r g y  E o f  th e  e le c t r o n s  i s  c h a n g e d .  F igure 15 s h o w s  so m e  o f  t h e s e  

c u r v e s  a s  w e l l  a s  a  p r o f ile  o f  th e  u n s c a t te r e d  b e a m . The p e a k s  a t  h ig h  

e n e r g y  rep ro d u ce  th e  b eam  s h a p e  fa ir ly  w e l l .  The b r o a d e n in g  w h ic h  

o c c u r s  a t th e  lo w  e n e r g ie s  a r i s e s  p r im a r ily  from th e  d is t r ib u t io n s  in  

atom  and  e le c t r o n  v e l o c i t i e s .

h ig h e s t  e n e r g y  u s e d ,  a r e a s o n a b le  e s t im a te  o f  i t  y i e ld s  E to  h ig h  a c c u r ­

a c y .  A v a r ia t io n  o f  ± 0 . 2  v o l t s  in  th e  c o n t a c t  p o te n t ia l  r e s u lt s  in  an  

error o f  l e s s  th a n  1% a t  3 0  v o l t s .  W ith  th e  v a lu e  o f  Z o b ta in e d  from th e  

m e a su r e m e n t o f  p ea k  d is p la c e m e n t  a t t h i s  e n e r g y ,  th e  atom  v e lo c i t y  i s  

fo u n d . E q u ation  15 i s  n ow  r e d u c e d  to

w h er e  th e  v a lu e  o f  th e  c o n s ta n t  i s  n o w  k n o w n .

A s im p le  co m p u ter  program  w a s  w r it te n  t o  c a l c u la t e  Z a s  a  

fu n c t io n  o f  E . The c i r c l e s  in  F igure 1 6  s h o w  th e  p ea k  d is p la c e m e n ts

- 3 9 -

7
s ta n t  ( = 7 . 5 x 1 0  ) .

In ord er to  c h e c k  th e  v a l id i t y  o f  th e  a b o v e  e q u a t io n ,  a n  e x p e r i -

S ln c e  th e  c o n t a c t  p o te n t ia l  i s  o n ly  a s m a ll  c o r r e c t io n  a t  th e

Z = (c o n st)  E^ (16)
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p lo tte d  a s  a fu n c t io n  o f  th e  a p p lie d  s c a t t e r in g  v o l t a g e .  The t h e o r e t ic a l  

c u r v e  i s  f i t t e d  t o  th e  d a ta  b y  s l id in g  It a lo n g  th e  v o lta g e  a x i s  u n t i l  a 

b e s t  f i t  i s  fo u n d . The c o n ta c t  p o t e n t ia l  c a n  th e n  b e  read  o f f  b y  c o m ­

p a rin g  e x p e r im e n ta l an d  t h e o r e t ic a l  v o l t a g e  s c a l e s .  The e x c e l l e n t  f it  

b e tw e e n  th e o r y  an d  e x p e r im e n t  in  a d d it io n  c o n f ir m s  th e  a c c u r a c y  w ith  

w h ic h  th e  a b o v e  e q u a t io n s  p r e d ic t  th e  k in e m a t ic s  o f  th e  r e c o i l in g  a t o m s .

In p r a c t ic e  to  fin d  th e  e le c tr o n  e n e r g y  fo r  a  p a r t ic u la r  e x p e r i­

m en t o n ly  tw o  d e te r m in a t io n s  a re  m a d e; th e  lo c a t io n  o f  th e  e x c i t a t io n  

p ea k  a t a  s c a t t e r in g  v o lta g e  o f  3 1 .6  v o l t s  (w h ich  i s  ta k e n  a s  30 v o l t s  

a b s o lu te )  and a t  th e  v o lta g e  t o  b e  u s e d  fo r  th e  e x p e r im e n t .  It i s  e a s i l y  

sh o w n  th a t th e  e n e r g y  I s  g iv e n  b y

E ■ | r  { - t  -  * *  }  - 1 ( n

W h ere  E .  E {  1 -  (  1 - - f £ -  )  }
o

E = 3 0  v o l t s  
o

C = Xq/X  th e  r a t io  o f  th e  p ea k  d is p la c e m e n ts

Xq = p e a k  d is p la c e m e n t  for E0

X = p e a k  d is p la c e m e n t  fo r  E .

The e x p e r im e n ta l  error in v o lv e d  In th e  lo c a t io n  o f  th e  p e a k s  i s  

a b o u t ± 0 .0 0 1 "  . T h is  le a d s  t o  a n  u n c e r ta in ty  o f  ±  0 .1 5  eV  In th e  d e te r ­

m in a t io n  o f  a b s o lu t e  e n e r g i e s .

S in c e  th e  a b o v e  m eth o d  i s  d ir e c t  in  c o n tr a s t  to  RPD m e a su r e ­

m e n ts  w h ic h  req u ir e  tw o  m e a s u r e m e n ts ,  an d  a t h e o r e t ic a l  c o r r e c t io n  

for th e  s p a c e  ch a rg e  d e p r e s s io n  o f  p o t e n t ia l ,  i t  p r o v id e s  a n  in te r e s t in g



and n o v e l  t e c h n iq u e  fo r  th e  d e te r m in a t io n  o f  a b s o lu t e  e n e r g ie s  e s p e ­

c i a l l y  w h e n  la r g e  c u rr en ts  r e s u lt in g  in  s ig n i f ic a n t  s p a c e  c h a r g e  c o r ­

r e c t io n s  a re  e m p lo y e d . In ord er to  s e e  h o w  th e  p o t e n t ia l  c h a n g e s  

w ith  c u r r e n t , a s e r i e s  o f  m e a su r e m e n ts  o f  p e a k  d is p la c e m e n t s  a g a in s t  

e le c t r o n  gu n  cu rren t w ith  th e  s c a t t e r in g  v o l t a g e  f ix e d  w a s  p er fo rm ed . 

T h e s e  a re  sh o w n  in  F igure 1 7 .  Two fe a tu r e s  a re  im m e d ia te ly  o b v io u s :

1 ) th e  p eak  d is p la c e m e n t  in c r e a s e s  w ith  gu n  cu rren t in d ic a t in g  th a t  

th e  p o te n t ia l  a t  th e  lo c a t io n  o f  th e  atom  b eam  i s  d e c r e a s in g  a s  pre­

d ic te d  b y  th e  s o lu t io n  o f F o is s o n 's  E q u a tio n  o u t lin e d  in  A p p en d ix  A,

2 ) th e  s h a p e  o f  th e  c u r v e s  and in  p a r t ic u la r  th e  w id th  FWHM i s  b y  

an d  la r g e  u n a ffe c te d  b y  th e  c h a n g e  o f  c u r r e n t . T h is  i s  in  a g r e em e n t  

w ith  th e  e a r l ie r  s ta t e d  s u p p o s it io n  th a t  s p a c e  c h a r g e  b r o a d e n in g  o f  

th e  e l e c t r i c  e n e r g y  d is tr ib u t io n  i s  u n im p o rta n t b e c a u s e  o f  th e  atom  

beam  c r o s s  s e c t i o n .

The c u r v e s  o f  F igu re 1 7 a l s o  a g r e e  w e l l  w ith  th e  t h e o r e t ic a l  

p r e d ic t io n s  o f  F o is s o n 's  E q u a tio n . The e n e r g y  s h if t  from c u r v e  A to  E, 

c a lc u la te d  b y  ta k in g  r a t io s  o f  th e  p ea k  d is p la c e m e n t s  i s  0 . 4 0  ± 0 . 1 5  eV , 

w h ile  th e  c a lc u la t io n s  o f  A p p en d ix  A sh o w  th e  s p a c e  c h a r g e  m inim um  

m o v in g  from 4 .1 6  eV  to  3 . 7 4  e V . The e x p e r im e n t  w i l l  b e  r e p e a te d

a g a in  a t  m u ch  lo w e r  e n e r g ie s  w h e re  p e a k  d is p la c e m e n ts  a re  m u ch  

la r g e r  and  c o n s e q u e n t ly  c a n  b e  m ore a c c u r a t e ly  d e te r m in e d , a n d  w h e r e

th e  s p a c e  c h a r g e  o o r r e c t lo n s  t h e m s e lv e s  are  s ig n i f i c a n t ly  g r e a te r .

- 4 1 -
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In su m m a ry , th e  a b o v e  t e c h n iq u e  c a n  b e u s e d  to  d e te r m in e  

a b s o lu t e  e n e r g ie s  to  w ith in  ± 0 . 1 5  e V . It i s  s im p le ,  d ir e c t  and  

r e q u ir e s  k n o w le d g e  o n ly  o f  th e  k in e m a t ic s  o f  th e  r e c o i l in g  a t o m s .  

Q u a n t ita t iv e  c o m p a r iso n s  w ith  th e  p r e d ic t io n s  o i  P o ls  s o n ' s  e q u a t io n s  

in  s i t u a t io n s  w h er e  s p a c e  c h a r g e  i s  an  im p ortan t fa c to r  are  p o s s i b l e .

It sh o u ld  a l s o  b e  r e c o g n iz e d  th a t a lth o u g h  th e  te c h n iq u e  i s  u s e f u l  

o n ly  a b o v e  e x c i t a t io n  e n e r g ie s  th e  e x c e l l e n t  a g r e e m e n t w ith  th e  RPD 

m eth o d  m o d if ie d  b y  a p p ro p r ia te  s p a c e  c h a r g e  c o r r e c t io n s  a s s u r e s  th e  

v a l id i t y  o f  th e  la t t e r  a p p ro a ch  a t  e n e r g ie s  b e lo w  th r e s h o ld .

F in a l ly ,  th e  lo c a t io n  and s h a p e  o f  th e  e x c i t a t io n  p ea k  c a n  b e  

u s e d  to  s tu d y  th e  u s e  o f th e  S te m -G e r la c h  m a g n et a s  a v e l o c i t y  s e l e c ­

to r . F igu re 18 s h o w s  h ow  th e  p ea k  p o s i t io n  an d  w id th  c h a n g e s  w ith  

th e  d is p la c e m e n t  o f  th e  o v e n  o f f  a x i s .  It i s  c le a r  th a t th e  g r e a te r  th e  

o v e n  d is p la c e m e n t  th e  s m a lle r  th e  sp r ea d  in  atom  v e l o c i t i e s  an d  th e  

s m a lle r  th e  m ean  v e l o c i t y  o f  th e  tr a n sm itte d  atom  beam  a r e .  T h is  i s  

in  a g r e e m e n t  w ith  th e  p r e d ic t io n s  o f  Rubin an d  B ed er  s o n  ̂  ^ .

- 4 2 -
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IV. M om entum  tr a n s fe r  a n a ly s i s

C o n s id e r  th e  m om entum  tr a n s fe r  p rob lem  for an  a to m ic  b eam  

w h ic h  i s  c r o s s  f ir e d  a t r igh t a n g le s  b y  an  e le c t r o n  b e a m . T he e l e c ­

tron  b eam  t r a v e ls  in th e  +z d ir e c t io n  w h ile  th e  a to m s tr a v e l  w ith in  a 

s m a ll  c o n e  o f  a n g le s  a b ou t th e  y  a x is  ( s e e  F ig . 19 ) .  T he c o o r d in a te s

o f  an  u n s c a t t e r e d  atom  in th e  I n te r a c t io n  r e g io n  are  (x  , y  , x  ) a n d  ino  ' o  o

th e  p la n e  o f th e  d e te c to r  a re  ( x 1, y \  z ' ) ,  w h ile  th e  c o o r d in a te s  o f  a 

s c a t t e r e d  atom  in  th e  d e te c to r  p la n e  are (x , y , z ) . The d ir e c t io n  o f  th e  

v e l o c i t y  o f  an  u n s c a t t e r e d  atom  i s  s p e c i f i e d  b y  th e  a n g le s  ( t . x ) -  

H ere t  i s  th e  a n g le  b e tw e e n  th e  p r o je c tio n  o f  th e  a to m ic  v e lo c i t y  in  

th e  y - z  p la n e  a n d  th e  y a x i s ,  an d  x  i s  th e  a n g le  b e tw e e n  th e  a to m ic  

v e lo c i t y  a n d  i t s  p r o je c t io n  in  th e  y - z  p la n e .  (W hen ♦ , x q 

th e n  t> X are s im p ly  th e  s c a t t e r in g  a n g le s  in  th e  p la n e  o f  s c a t t e r in g  

a n d  p e r p e n d ic u la r  to  th e  p la n e  o f  s c a t te r in g  r e s p e c t i v e l y ) .

The d e te c to r  m otion  h a s  tw o  d e g r e e s  o f  freed o m  s o  th a t th e  

atom  s c a t t e r in g  s ig n a l  c a n  b e  m e a su r e d  a s  a fu n c t io n  o f  ♦ a n d  x *

T he r e la t io n s h ip  b e tw e e n  th e  a tom  a n d  e le c t r o n  s c a t t e r in g  a n g le s  are  

g iv e n  by

= a - p A c o s  0 (18)

X /  = p 4 s in  0 s i n *  (19)

* T h is  a n a ly s i s  w a s  f ir s t  p r e s e n te d  in r e fe r e n c e  1 6 .
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w h e r e  ♦' = ♦T o

X’ = X -  XQ

m v /mv „ i
—  p ,  -  —

MV MV

m = M a s s  o f  th e  e le c t r o n

v  = v e lo c i t y  o f  th e  in co m in g  e le c t r o n

v^'= v o lo c i t y  o f  th e  s c a t t e r e d  e le c tr o n  a fter  e x c i t a t io n  o f  th e  

i **1 c h a n n e l  

M = m a ss  o f  th e  atom  

V = v e lo c i t y  o f  th e  in c o m in g  atom  

It h as b e e n  a s s u m e d  th a t a n d  x^' are  s m a ll a n d  th a t th e  m a g n itu d e  

o f th e  a to m s ' v e lo c i t y  i s  n o t c h a n g e d  in  th e  c o l l i s i o n .  U n d er t h is  

a s s u m p t io n  th e r e  i s  a o n e - t o - o n e  r e la t io n s h ip  b e tw e e n  th e  atom  s c a t ­

te r in g  a n g le  f  ' an d  th e  e le c t r o n  s c a t te r in g  a n g le  0 . T hus by m e a su r ­

in g  th e  num ber o f  a to m s  s c a t t e r e d  a s  a fu n c tio n  o f a n d  u s in g  e q u a ­

t io n  (18)  o n e  o b ta in s  th e  num ber o f  e le c t r o n s  s c a t t e r e d  a s  a fu n c tio n  o f  0  

T he d e p e n d e n c e  o f  th e  atom  s c a t t e r in g  s ig n a l  on  th e  a n g le  x^’ 

p la y s  th e  m ajor ro le  in  d is t in g u is h in g  b e tw e e n  e l a s t i c  a n d  in e la s t i c  

e v e n t s .  T he m axim um  v a lu e  o f  x A' for a g iv e n  v a lu e  o f i s  g iv e n  by

X /  _ _ v  * P. s in  0  ( 2 0 )i  m ax l

N o t ic e  th a t  x / i s  p ro p o rtio n a l t o  v /  th e  v e lo c i t y  o f  th e  s a a t t e r e di m ax l

e l e c t r o n .  x / w i l l  th e r e fo r e  b e  g r e a te r  for an  e l a s t i c  th a n  i n e l a s -
1 m ax

t i c  e v e n t .  T hus th e r e  w i l l  b e  a ra n g e  o f  v a lu e s  o f  x^' for w h ic h  o n ly



e l a s t i c  e v e n t s  w i l l  b e  o b s e r v e d .  T here w i l l  b e  a n o th e r  ra n g e  o f

Xj' 's  in  w h ic h  th e  s c a t t e r in g  s ig n a l  w i l l  r e p r e s e n t  a  c o m b in a tio n

s t
o f  tw o  e v e n t s ,  e l a s t i c  a n d  e x c i t a t io n  to  th e  1 —  e x c i t e d  s t a t e ,  an d  

s o  o n .  T h is  is  d e m o n str a te d  in F i/g . 2 0 .  H ere  w e  h a v e  p lo t te d  e q u a ­

t io n  20 fortth® s c a t t e r in g  o f a 3 v o lt  e le c t r o n  from a p o ta s s iu m  a to m .

The th r e e  c u r v e s  r e p r e s e n t  a n  e l a s t i c  e v e n t  in  w h ic h  th e  a tom  i s  e x -  

s tc i t e d  t o  th e  1—  e x c i t e d  s t a t e ,  a n d  an  e v e n t  i s  w h ic h  th e  atom  i s  e x -  

ndc i t e d  to  th e  2—  e x c i t e d  s t a t e .  T he r a n g e s  o f  d i s c u s s e d  a b o v e

c a n  b e  o b ta in e d  from  th e  f ig u r e  a s  a fu n c t io n  o f  f

C o n s id e r  n o w  th e  in te r a c t io n  o f  th e  e lc tr o n  a n d  a tom  b ea m s

w ith in  an  e le m e n t  o f  v o lu m e  dx d y  dz . T he e le c tr o n -n u m b e r  c u r -o  o  o

rent d e n s ity  w ith in  t h is  r e g io n  for  e le c t r o n s  w h o s e  e n e r g ie s  are  in

th e  ra n g e  dE i s  J (x  , y  , z  ;E)dE, w h i le  th e  num ber o f  d e n s it y  o fe  o  o  o

a to m s  in  t h i s  r e g io n  w ith  v e l o c i t i e s  ly in g  w ith in  th e  a n g u la r  ra n g e

d* . d x„ a n d  p o s s e s s i n g  s p e e d s  in  th e  ran ge o f  dV i s  
o  o

Ma <Xo ' V  V  V V ' 1 d * 0  d * 0  dV

T he num ber o f  a to m s  s c a t t e r e d  from th e  e le m e n t  dx , dy , dzo  o  o

in to  th e  a n g u la r  ran ge d*. dx p o s s e s s i n g  s p e e d s  in th e  ra n g e  dV i s

dN = Y  I (X , y  z ;E)dEdx dy M (x  , y  , z  , x _ . V)d* dx_dV  s  L> e  o  o  o  o  o  a o  o o o o  o o

x  o ' ( ♦ - * ,  X“X_;E. V) d * d x d z  (21)i O O o

w h e r e  o * d+dx I s  th e  p r o b a b ility  o f  s c a t t e r in g  an  a tom  o f  v e l o c i t y

45-
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V by an electron of energy E into the angular range d+, dx from

th e  a n g le s  i(r , x  w ith  e x c i t a t io n  o f  th e  1— c h a n n e l .  A ll r e c o i l  o  o

a n g le s  a re  a s s u m e d  t o  be s m a ll  an d  w e  th e r e fo r e  w r ite

d t  = dz ' /(L + y  ), dx  = dx ’/ ( L  + y )o  o  o  o  o  o

t-i|r = ( z - z  ') /(L + y  ), x - X  = ( x - x  ') / (L + y  >o  o  o o  o  o

w h e r e  L i s  th e  d is t a n c e  from th e  d e te c to r  p la n e  to  th e  c e n te r  o f  th e

in te r a c t io n  r e g io n . T he to ta l  num ber o f  a to m s A N fi s c a t t e r e d  in to

d xd z at x , z  i s

AN s
* d x d z V  \  M [ x  , y  , z  ;(z  ' - z  ) /(L + y  ), (x  ' - x  ) /{L + y  ) ,\/J ,  i - J A o o o o o  o  o o  o

x j  (x  , y  , z  ;E))dEdx dy dz ’dx ' (L+y ) 2 dV 
e o o o  o o o o  o

( 2 2 )

x  Oj ' C f z - z  ’) /(L + y o ), ( x - x o ') /(L + y o ); E, V od zQ/(L + y o )

N ow  th e  num ber o f  u n s c a t t e r e d  a to m s r e a c h in g  dx ’d z  'p er  s e c o n do  o

w ith  s p e e d s  in  d V  i s
m .  z ' - z  x  ' - x  dx d z

J ( x _ \  z _ ’;V )d x _ 'd z_ ' M ^(x^ , y^, z^ ;  ̂ ° , V-----—  °  Vdv}V A  m £ , i V f  U A  LL£> ^  I I  IV1 I A  t  y  * *  * —g     t y  . » V V U ¥  ra o o  o  o  \ | l  a o To o  L+y L+y IT , .2 ,  jo  o (L+y )o

x  dx  ’dz * (23)
o  o

If J Is n o t a fu n c tio n  o f  x  , z  , E q u a tio n  22  c a n  b e  in te g r a te d  o v e r  e  o  o

x  , z  to  o b ta in
o  o

AN = d xd z \  Y J (y  , E )dy dEJ (x  \  z  \  V)dx 'd z  '(L+y ) 2a .'d V /V  s  J  L  e  o  o a o o  o o  o  i

(24)

The t o ta l  e le c t r o n  cu rren t in t e r s e c t in g  th e  atom  beam  in  th e  e n e r g y  

ran ge dE is
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I (E)dE = \  J (x  , y  ;E)dx dy dE (25)e  J  e  o  o  o  o

a n d  if  T i s  n o t a fu n c tio n  o f  x  ' e o

I (E)dE = h \  J (y  ;E )dy dE (26)e  J  e  o  o

w h e re  H i s  th e  h e ig h t  o f th e  s c a t t e r in g  r e g io n .  If, f in a l ly ,  y  ^ L

a n d  s in c e  Jq i s  not a fu n c tio n  o f  y Q, w e  perform  th e  y Q in te g r a tio n

to  o b ta in

AN = —L_ d x d z  V  I (E)dEJ (x \ z  \  V )dx 'd z  ' o '  dV /V  
s  T  0  a o  o  o  o  i

(27)

A d e te c to r  o f  w id th  D a n d  h e ig h t  H w i l l  th e r e fo r e  r e c e iv e  a s ig n a l

1 t -  1 z t p / 2  i X+H/ 2 (
AN = —— Y  \  \  \  I (E)dEJ (x  z  \V )d x  'd z  'ct ,'d V /V

S HL2  T  ^ z - D / 2 * ^  x - H / 2  J e  a o  o o  o  i

(28)

T he c r o s s  s e c t io n  a s  a fu n c tio n  o f  th e  atom  s c a t t e r in g  a n g le s  

x ')  i s  r e la t e d  to  th e  c r o s s  s e c t io n  a s  a  fu n c tio n  o f  th e  e le c t r o n  

p o la r  a n d  a z im u th a l s c a t te r in g  a n g le s  9 ,^  by

a ( 0 )  s in  0 d 8 d  <p = ct ' (*' .  x ') d ^ 'd x ' (29)

T h is  g iv e s

O j ' U V )  = a i ( 0 ) / p i 2 s in  c o s  0

If th e  in te g r a tio n  o v e r  dx in 28 w ith  an d  h e n c e  9 f ix e d  is

p erform ed  f ir s t ,  w e  o b ta in

AN = —  7 \  J (E)dEJa (x \ z  ' , V) — dx  ' d z  d z 1
HL a o o  v o  z  — d / 2  Pi J  1

(30)
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w h ere

- I  r * -* o ,+ H ' ' 2  ■>
<p7 = s in  i } {x - x  ’+ H /2 ) <L6 s in  0 

£■ v T  ̂ , _ J o  r iLp^sin 0

-1  r  x - x 0 ’ - H / 2  .
<p, = s in  { ----------  — -------1 ( x - x  ' - H/ Z )  < L p ,s in  0

1 W o , O r  iLpi s in  0

t p? = n / 2  ( x - x  ’+ H /2 ) ^Lp s in  0H O |

= « / 2  ( x - x ^ ’- H /2 )  ^Lp^sin 0

F in a lly ,  in te g r a tio n  o v er  dz g iv e s

1 C l dV ( 6 2AN = —  ) \  i (E)dEJ (x ‘z  1, V)dx 'd z  '------  \  _ o ( 0 )  s in  9(co?-<pt )d 6s  e  a o o  o  o  J  Gi ^ i
H V

(31)

w h ere
- 1  / « - ( « - 0 , - l V 2 A . ,

W = 008 1 p. rf l
_ 1  r a - ( Z - Z 0 ’ + D /2 ) /L  

0 ,  = c o s  i  -
• ^ 1

The fr a c tio n  o f th e  to ta l  s c a t t e r e d  atom  c o l l e c t e d  by th e  d e ­

t e c to r  o f  h e ig h t  fl for a g iv e n  p o la r  a n g le  0  i s  c a l l e d  th e  “a z im u th a l  

form fa c to r "  (AFF) a n d  i s  d e f in e d

^ ( 0 ,  V, E) =

E q u a tio n  31 i s  th e  g e n e r a l  e q u a t io n  r e la t in g  r e c o i l - s c a t t e r in g  

s ig n a l  a t a d e te c to r  o f  h e ig h t  H a n d  w id th  D a t a d is p la c e m e n t  z  frcm  

th e  b eam  a x i s  t o  th e  b ea m  c u r r e n ts , s h a p e s ,  an d  v e lo c i t y  d is tr ib u ­

t i o n s .  It s h o u ld  b e  n o te d  th a t  th e  r e la t io n  b e tw e e n  e le c t r o n  a n d  atom

- 4 8 -



s c a t t e r in g  a n g le s  d e p e n d  u pon  e le c t r o n  e n e r g y  l o s s  an d  th e re  i s  th u s  

a s e p a r a te  0 -  ii r e la t io n  for e a c h  s c a t t e r in g  c h a n n e l .  T hus 31 in ­

c lu d e s  a su m m a tio n  o v e r  a l l  e n e r g e t ic a l ly  a l lo w e d  in e l a s t i c  (a s  w e l l  

a s  e l a s t i c )  c o l l i r  .o n  c h a n n e l s .

T he AFF i s  a sh a r p ly  p e a k e d  fu n c t io n  o f 0 w ith  m axim a at 0 °

a n d  1 8 0 ° ,  a n d  a s  a r e s u lt  it  i s  e x p e c t e d  th a t AN w i l l  b e  sh a r p lys

p e a k e d  a t  z  c o r r e sp o n d in g  to  0 °  s c a t t e r in g .  T here sh o u ld  a l s o  be

a s e c o n d  p eak  in  An  c o r r e sp o n d in g  t o  1 8 0 °  s c a t t e r in g .  H o w ev er ,s

t h is  w i l l  be m uch s m a lle r  th an  th e  0 °  p ea k , f ir s t ,  b e c a u s e  a { 1 8 0 ° )  

i s  u s u a l ly  m uch s m a lle r  t h a n a ( 0 ° ) ,  an d  s e c o n d  b e c a u s e  th e  v e lo c i t y  

d is tr ib u t io n  in b oth  a tom  an d  e le c tr o n  b ea m s p r o d u c e s  a la r g e r  d i s ­

p e r s io n  in  AN a t 1 8 0 °  th a n  at 0 ° .  F igu re 21 i l lu s t r a t e s  t h e s e  p o in ts ,  
s

referr in g  to  c a l c u l a t e d  A FF's for th e  e l a s t i c  s c a t t e r in g  in p o ta s s iu m  

at 3 .0  e V .

The h o r iz o n ta l d is p la c e m e n t  o f  th e  p eak  c o r r e sp o n d in g  t o  e x ­

c i t a t io n  o f  th e  i ~  c h a n n e l i s  g iv e n  by

2 1 - z o ' ’  L(a ' P i 1 

T h is  p a r t ic u la r  p rop erty  o f  th e  a tom  beam  r e c o i l  m eth od  i s  u s e d  to

d e ter m in e  a b s o lu t e  e n e r g ie s .  A d e t a i le d  d e s c r ip t io n  o f  t h i s  a p p l i ­

c a t io n  i s  g iv e n  in  th e  s e c t io n  d e a lin g  w ith  d e te r m in a tio n  o f  a b s o ­

lu te  e n e r g i e s .
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V . D e s c r ip t io n  o f  e x p e r im e n ta l and d a ta  ta k in g  p r o c e d u r e s

1) Atom Beam

A T h e r m o -E le c tr ic  tem p era tu re  c o n tr o lle r  Is  u s e d  to  bring  

th e  o v e n  up to  o p e r a tin g  tem p era tu re  for th e  d u ra tio n  o f  th e  

e x p e r im e n t  w h ic h  i s  o f te n  a s  lo n g  a s  7 or 8  d a y s .  The o p ­

e r a t in g  tem p era tu re  i s  u s u a l ly  f ix e d  a t around 3 1 0 ° C .

The o v e n  i s  th e n  o f f s e t  0 . 0 4 0 " ,  w h ic h  i s  te n  t im e s  th e  s l i t  

w id th , and th e  B - f ie ld  on  th e  S te r n -G e r la c h  m a g n et a d ju s te d  s o  

th a t  th e  tr a n sm itte d  atom  cu rren t I s  a m a x im u m . The atom  b eam  

cu rren t i s  a m p lif ie d  b y  a B en d ix  e le c t r o n  m u lt ip lie r  and  read  on  

a M o d e l 600A  K e ith le y  e le c t r o m e te r .

It a e u e l l y  t a k e s  2 h ou rs for th e  o v e n  tem p era tu re  to  re a c h  

e q u il ib r iu m . At o p e r a tin g  tem p era tu re  th e  atom  b ea m  cu rren t  

w h ic h  p a s s e s  th ro u g h  th e  in te r a c t io n  r e g io n  i s  t y p ic a l ly  on th e
7

ord er o f  2 x 1 0  a t o m s / s e c .  D u rin g  th e  c o u r s e  o f  an  e x p e r im e n t,  

th e  d e te c to r  i s  p e r io d ic a l ly  s c a n n e d  o n to  th e  b eam  a x i s  to  c h e c k  

th e  m a g n itu d e  o f  th e  b eam  cu rren t an d  th e  tem p era tu re  o f  th e  o v e n  

I s  m o n ito red  b e fo r e  a m e a su r em e n t i s  m ade in  th e  d if f e r e n t ia l  re ­

g io n .  The tem p era tu re  i s  h e ld  c o n s ta n t  to  w ith in  * 1 °  C . b y  th e  

c o n tr o lle r  and v a r ia t io n s  in  atom  b ea m  cu rren t are ra r e ly  fou n d  t o  

b e  g r e a te r  th an  3 or 4% .
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2) M eth od  o f  d e te c t io n  o f  s c a tte r in g  s ig n a l:

A b lo ck  diagram  o f  th e  c ir c u it  u s e d  to  d e te c t  th e  s c a tte r in g  s i g ­

n a l i s  sh o w n  in  F igure 2 2 .  An AC te c h n iq u e  i s  u se d  to  d e te c t  an d  am ­

p lify  th e  s c a tte r in g  s i g n a l .  An e le c t r o n ic  s w itc h , d riven  by th e  r e ­

fe r e n c e  output o f a M od el HR- 8  lo c k - in  a m p lifier , i s  u s e d  to  turn th e

v o lta g e  on G_ o f  th e  e le c tr o n  gun on  and o ff  a t a fr e q u en c y  o f 40 c p s .£

The s c a tte r in g  s ig n a l  now  a p p ea rs  a t th e  d e te c to r  at th e  m o d u la tio n  fr e ­

q u e n c y  and i s  fe d  to  th e  input o f th e  lo c k - in  through  th e  K e ith le y  e le c t r o ­

m eter  w h ic h  a c t s  a s  a c a th o d e  fo llo w e r . The output o f  th e  lo c k - in  i s  th en  

fe d  in to  a data a c q u is it io n  s y s te m  w h ere  th e  s c a tte r in g  s ig n a l i s  r e c o r d e d .

T ota l c r o s s  s e c t io n  m ea su rem en ts  are  o b ta in e d  by m oving th e  d e te c to r  

o n to  th e  beam  a x is ,  an d  m ea su r in g  th e  's c a t te r in g -o u t*  s ig n a l ,  w h ich  is  

a m ea su re  o f  the num ber o f  a to m s s c a t te r e d  out o f  th e  d e te c to r  w h en  th e  

atom  beam  i s  c r o s s f ir e d  by th e  e le c tr o n  b ea m . W hen th e  d e te c to r  is  in th e  

d iffe r e n t ia l  r e g io n , th e  num ber o f  a tom s s c a t te r e d  in to  th e  d e te c to r  is  r e ­

c o rd e d  an d  th e  p h a se  o f  t h is  s ig n a l  i s  o p p o s it e  to  th a t o f  th e  s c a tte r in g

2 4  ,
in  s ig n a l .  S c a tter in g  s ig n a ls  vary t y p ic a l ly  from 1 x 1 0  t o  2 x 1 0  a t o m s /  

s e c  in  th e  d iffe r e n t ia l r e g io n . C are i s  ta k e n  to  e n su r e  th a t th e  input im -  

p e d e n c e  o f th e  K e ith le y  i s  su c h  th a t s c a tte r in g  s ig n a l  i s  not lo s t  through  

c a b le  an d  o th e r  s tra y  c a p a c i t a n c e .
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T y p ic a l s e t t in g s  o f  th e  in s tr u m e n ts  are a s  f o l lo w s :

K e ith le y : M u lt ip lie r  0 .1  v o l t s

R ange 1 0  a m p eres

L o c k - in ; S e n s i t i t v i t y  2 0 0  fj v o l t s  or 500   ̂ v o l t s

F r e q u e n c y  4 0  HZ

Tim e c o n s ta n t  10 s e c s ,  1 2 d b /o c ta v e

0 10

E lec tro n  M u lt ip lie r  D y n o d e  V o lta g e  1 5 0 0  v o l t s .

3
A fu ll  s c a l e  r ea d in g  on  th e  2 0 0  ^ v o lt  ra n g e  c o r r e s p o n d s  to  1 x 1 0  

a t o m s / s e c o n d .  L ittle  u s e fu l  in fo rm a tio n  can  b e  o b ta in e d  w h e n  s ig n a l s  

are l e s s  th an  2 0  p v o l t s  w h ic h  c o r r e s p o n d s  t o  100 a t o m s / s e c .  A r e ­

v ie w  o f  th e  s o u r c e s  o f  n o is e  In th e  e x p e r im e n t w i l l  b e  in c lu d e d  la t e r .  

S u ff ic e  to  s a y  at t h is  s t a g e  th a t c a re  w a s  ta k e n  In th e  c h o ic e  o f  th e  

a b o v e  l i s t  o f  ln s tr m e n t s e t t in g s  to  e n s u r e  th a t a m p lif ie r  n o is e  d id  n ot  

p la y  a n y  r o l e .

3 ) D a ta  a c q u is i t io n  s y s te m :

B e c a u s e  it  i s  n e c e s s a r y  in  t h is  e x p e r im e n t to  a c c u m u la te  d a ta  a t a 

la r g e  num ber o f  p o in t s  in  th e  d i f f e r e n t ia l  r e g io n  and  in te g r a te  o v e r  lon g  

p e r io d s  o f  t im e , a d a ta  a c q u is i t io n  s y s te m  w a s  d e s ig n e d  and  a s s e m b le d  

to  p erm it a u to m a tic  r e c o r d in g  o f  th e  d a ta  and  a l lo w  th e  e x p e r im e n t  to  b e  

run o n  a  2 4  hour b a s i s  .

F ig u re  23 i l lu s t r a t e s  th e  m ain  fe a tu r e s  and lo g ic  o f  th e  s y s t e m .  A ll
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th e  p a ra m ete r s  o f  in t e r e s t  in  th e  e x p e r im e n t  are  c o n n e c te d  to  th e  in ­

put o f  a  25 c h a n n e l H e w le t t -P a c k a r d  (HP) DY 2 9 0 1  in p u t s c a n n e r .  An 

HP M o d e l 2212A  a n a lo g  d ig i t a l  (AD) c o n v e r te r  and an  HP M o d el 521 4L  

p r e s e t  c o u n te r  are u se d  to  d ig i t i z e  th e  ou tp u t from th e  s c a n n e r  w h ic h  i s  

th e n  r eco rd ed  a s  a ^ iv e  d ig i t  num er on  an  IBM card  u s in g  an  HP M o d el 

2547A  c o u p le r  and an  IBM 526  Rum n a r y  K ey p u n ch . C o n ta c t  c lo s u r e s  

are a v a i la b le  a t e a c h  c h a n n e l s e t t in g  to  p erm it a u to m a tic  ra n g in g , 

w h ic h  i s  a c c o m p lis h e d  in  t h i s  c a s e  b y  m ea n s  o f  v o lta g e  d iv id e r s  a t  

th e  in p u t o f  th e  AD c o n v e r te r  and b y  c h a n g in g  th e  num ber p f p r e s e t  

cou n t s .

The s te p p in g  m otors w h ic h  d r iv e  th e  v e r t ic a l  and  h o r iz o n ta l le a d  

s c r e w s  m o v e  th e  d e te c to r ,  o n  s ig n a l ,  a  d i s t a n c e  d e te r m in e d  b y  th e  

s e t t in g s  o n  th e  S lo s y n  tw o  a x i s  c o n tr o l p a n e l .  W h en  e ith e r  m otor  

h a s  s c a n n e d  th e  p r ed e te r m in e d  num ber o f  s t e p s ,  a V e ed e r -R o o t p r e s e t  

c o u n te r  i s  a d v a n c e d . W h en  a c o u n te r  r e a c h e s  th e  p r e s e t  num ber, it  i s  

a u to m a t ic a lly  r e s e t  to  z e r o .  A c o n ta c t  c lo s u r e  i s  u s e d  to  d r iv e  a ra t­

c h e t  r e la y  w h ic h  th e n  r e v e r s e s  th e  d ir e c t io n  o f  th a t  m o te r .

A s c a n  o f  a l l  th e  im p o rta n t v a r ia b le s  in  th e  e x p e r im e n t  i s  in i t ia t e d  

b y  p la c in g  th e  s c a n n e r  in  th e  c o n t in u o u s  m o d e . The s c a n n e r  th en  s t e p s  

o ff  hom e to  th e  f ir s t  c h a n n e l and  r e c o r d s  th e  s ig n a l  on  an  IBM c a r d .  

W h en  th e  In form ation  i s  p a s s e d  to  th e  k e y p u n ch  for p r in tin g , a  s ig n a l  

from th e  c o u p le r  i s  u s e d  to  a d v a n c e  t h e  sc a n n e r  to  th e  n e x t  c h a n n e l and
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th e  p r o c e s s  i s  r e p e a te d  u n t il  th e  l a s t  c h a n n e l  h a s  b e e n  r e c o r d e d . The 

s c a n n e r  th e n  a d v a n c e s  to  hom e an d  a program m ing card  on  th e  sum ­

m ary k e y p u n c h  c a u s e s  a^ n ew  card  to  b e  fe d  in to  p o s i t i o n .  A ll th e  

in fo rm a tio n  from o n e  c o m p le te  s c a n  i s  th u s  c o n ta in e d  on  o n e  c a r d . The 

l a s t  c h a n n e l o f  th e  s c a n  d o e s  n o t c o n ta in  a n y  in fo rm a tio n  and  i s  u s e d  ■ 

o n ly  to  p r o v id e  a c o n ta c t  c lo s u r e  w h ic h  a d v a n c e s  th e  h o r iz o n ta l ratep-  

p in g  m otor a p r ed e te rm in e d  d i s t a n c e .  W h en  th e  s c a n n e r  r e a c h e s  hom e  

an en d  o f  s c a n  s ig n a l  d r iv e s  a tim e  d e la y e d  r e la y .  T h is t im e  i s  ad*- ’ <1 

ju s t e d  to  p erm it th e  m o to rs  to  m ove th e  d e te c to r  to  a n ew  p o s i t io n  and  

a l lo w  a p p r o x im a te ly  6  t im e  c o n s ta n t s  b e fo r e  th e  s c a t te r in g  s ig n a l  i s  

r e c o r d e d . The c o n t a c t s  o f  t h is  r e la y  are u s e d  to  in i t ia t e  a n ew  s c a n  

a g a in , and th e  e n t ir e  p r o c e s s  i s  r e p e a t e d .  W h en  th e  h o r iz o n ta l m otor  

h a s  s c a n n e d  a  p re d e te rm in e d  num ber o f  s t e p s ,  th e  p r e s e t  c o u n te r  i s  r e ­

s e t ,  and c o n t a c t  c lo s u r e s  u s e d  to  r e v e r s e  i t s  d ir e c t io n  and  a d v a n c e  th e  

v e r t ic a l  m o to r . The d ir e c t io n  o f  th e  v e r t ic a l  m otor i t s e l f  i s  r e v e r s e d  

w h e n  it  h a s  a d v a n c e d  a  p r e s e t  num ber o f  t im e s .

T hus th e  d e t e c to r  s c a n s  b a c k  and forth  h o r iz o n ta lly ,  e a c h  tim e  

m o v in g  to  a n ew  v e r t ic a l  p o s i t io n  and c o v e r in g  a r e c ta n g u la r  (or sq u a re )  

m e sh  o f  p o in t s .  The o v e r a l l  s i z e  o f  th e  m esh  s tr u c tu re  i s  d e te rm in ed  b y  

th e  m otor p r e s e t  c o u n te r s ,  and th e  m e sh  s e p a r a t io n , w h ic h  d e te r m in e s  

th e  s p a t ia l  r e s o lu t io n  o f  th e  re co rd ed  d a ta , i s  f ix e d  b y  th e  S lo s y n  c o n ­

tr o l I n d e x e r .
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T hus w h e n  th e  f ir s t  s c a n  Is  s ta r te d  b y  p r e s s in g  th e  c o n t in u o u s  

b u tto n , th e  e x p e r im e n t  c o n t in u e s  to  run a u to m a t ic a l ly ,  r e c o r d in g  on  

IBM c a r d s  r e le v a n t  p a r a m e ter s  a t a m e sh  o f  p o in t s  o v e r  and o v e r  a g a in  

u n lt l  th e  STOP b u tto n  I s  p r e s s e d  on  th e  s c a n n e r .  T h e a c c u r a c y  o f  th e  

S lo s y n  in d e x e r  and  th e  a b s e n s e  o f  b a c k la s h  from th e  le a d  s c r e w s  a s ­

s u r e s  th a t  th e  c o o r d in a te s  o f  a n y  p o in t  w ith in  th e  m e sh  are  r ep ro d u ced  

to  w ith in  ± 0 ,0 0 0 5 "  e a c h  tim e  th e  d e t e c to r  m o v e s  to  th a t  p o s i t i o n .

E igh t p a ra m eters  are  u s u a l ly  r e c o r d e d  a t e a c h  d e t e c to r  p o s i t i o n .

The v o lta g e  a p p lie d  to  G^, th e  e q u ip o te n t ia l  r e g io n  and th e  c o l le c t o r  

p la te  o f  th e  e le c t r o n  g u n , a re  fe d  in to  th e  f ir s t  th r ee  c h a n n e l s .  A l­

th o u g h  v a r ia t io n s  in  t h e s e  are s e ld o m  o b s e r v e d , i t  i s  u s e fu l  to  h a v e  

them  r e c o r d e d . C h a n n e l 4 i s  u s e d  to  m on itor  th e  e le c t r o n  g u n  cu rren t, 

w h ic h  i s  o b ta in e d  b y  a m p lify in g  th e  v o l t a g e  drop a c r o s s  a r e s i s t o r  in  

th e  c o l le c t o r  c i r c u i t .  A DC a m p lif ie r  w ith  a g a in  o f 100 i s  u s e d  to  

a m p lify  th e  o u tp u t from a c h r o m e l-a lu m e l th e r m o c o u p le  a t ta c h e d  to  th e  

p o ta s s iu m  o v e n , and  th e  o u tp u t from th e  a m p lif ie r  i s  fe d  in to  c h a n n e l 5 .  

T he s c a t t e r in g  s ig n a l ,  w h ic h  i s  th e  o u tp u t o f  th e  lo c k - in  a m p lif ie r , i s  

c o n n e c te d  to  c h a n n e l  6 , w h i le  th e  o u tp u t from th e  v e r t ic a l  and  h o r iz o n ta l  

lin e a r  p o te n t io m e te r s  are  fe d  in to  c h a n n e ls  7 and 8 .

At th e  s ta r t o f  e a c h  e x p e r im e n t, a sta n d a rd  c e l l  i s  c o n n e c te d  to  e a c h  

c h a n n e l ,  th u s  e n a b lin g  th e  c o u n ts  o n  e a c h  c h a n n e l to  b e  c o n v e r te d  to  

v o l t s . A c o m p u te r  program  f ir s t ly  p r in ts  a l l  th e  raw  d a ta  an d  th en
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c o n v e r t s  th e  n u m b ers to  th e  r e le v a n t  u n i t s . A form u la  g iv e n  In th e  

H an d b ook  o f  P h y s ic s  I s  u s e d  t o  c o n v e r t  th e  v o lta g e  In c h a n n e l 5 to  

d e g r e e s  K e lv in .

S in c e  th e  d e t e c to r  p a s s e s  th rou gh  e a c h  s p a t ia l  p o in t  s e v e r a l  t im e s ,

It i s  n e c e s s a r y  to  reo rd er  and  grou p  to g e th e r  a l l  th e  d a ta  c o l l e c t e d  a t

a  g iv e n  p a ir  o f  c o o r d in a t e s .  T h is  I s  a c h ie v e d  b y  f ir s t  g ro u p in g  to g e th e r

a l l  th e  d a ta  a c c u m u la te d  a t  o n e  c o o r d in a te  ( s a y  th e  h o r iz o n ta l)  and th en  

ord er in g  th e  d a ta  at e a c h  v a lu e  o f  th e  o th e r  c o o r d in a te .  T h e  p r o c e s s  i s

th en  r e p e a te d  for th e  n e x t  v a lu e  o f  th e  c o o r d in a te  s e le c t e d  i n i t i a l l y .  

The en d  r e s u lt  o f  t h is  tw o  c h a n n e l so r tin g  r o u tin e  i s  th a t th e  d a ta  

c o r r e sp o n d in g  to  e a c h  p a ir  o f c o o r d in a te s ,  i . e .  to  e a c h  d e te c to r  p o ­

s i t io n  i s  a s s m e b le d  and th e n  p r in te d . The program  th en  c a l c u la t e s  

and p r in ts  o u t  th e  a v e r a g e  v a lu e s ,  th e  RMS v a lu e s  and RMS d e v ia t io n  

o f  th e  d a ta  a c c u m u la te d  a t e a c h  d e te c to r  p o s i t i o n .  If a n y  num ber d e ­

v i a t e s  from th e  RMS v a lu e  b y  a  fa c to r  o f  3 or g r e a te r , th a t num ber i s  r e ­

j e c t e d  and th e  a v e r a g e s  r e c a lc u la t e d .

The s c a t te r in g  s ig n a l  i s  in te g r a te d  for 100 s e c o n d s  d u rin g  e a c h  s c a n ,  

an d  a c o m p le te  run t y p ic a l ly  s c a n s  th rou gh  e a c h  p o in t  6  t im e s .  T hus th e  

s c a t t e r in g  s ig n a l  i s  in te g r a te d  for a to ta l  o f  1 0  m in u te s  a t  e a c h  d e te c to r  

p o s i t io n .  T he RMS d e v ia t io n  for th e  la rg e r  s ig n a l s  i s  t y p ic a l ly  5% -10% , 

w h ile  th a t  for th e  s m a lle r  s ig n a l s  v a r ie s  form 10% to  20% . S in c e  th e  

s m a lle r  s ig n a l s  c o r r e sp o n d  to  a b o u t 1 0 0  a t o m s / s e c ,  i t  i s  c le a r  th a t  th e
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s y s te m  n o is e  Is m uch la rg er  th an  th e  s h o t  n o i s e .  M o st o f  th e  n o is e  

(80%) I s  th e  r e s u lt  o f s tr a y  p o ta s s iu m  In th e  d e te c to r  ch am b er a r is in g  

from in e f f e c t iv e  trap p in g  o f  th e  p o ta ss iu m  b e a m . The rem ain der i s  due  

p rim arily  to  sp u r io u s  e m is s io n  from th e  h o t w ir e  i t s e l f .

The d a ta  a c q u is i t io n  sy s te m  o u t lin e d  a b o v e  th u s  p erm its  d a ta  to  

b e c o l le c t e d  in  th e  optim um  w a y .  There i s  l i t t l e  d e la y , hum an error in  

reco rd in g  i s  e lim in a te d  and th e  ex p er im en t ca n  b e  o p era ted  on a 2 4  hour 

b a s i s .  In a d d itio n , th e  fa c t  th a t th e  d a ta  i s  p u n ch ed  on  IBM p erm its  

e a s y  red u ctio n  b y  com p u ter, and o b v ia te s  th e  n eed  for le n g th y  c a lc u la t io n s .  

The d ata  for e a c h  e le c tr o n  e n e r g y  p r e se n te d  in  th e  n e x t  s e c t io n  i s  ty p ­

i c a l ly  a c cu m u la te d  o v e r  a p er io d  o f  1 0 0  h o u r s . W ith o u t th e  u se  o f  an  

au tom atic  s y s te m  th e  c o l le c t io n  and r e d u c tio n  o f  d ata  for t h is  ex p er im en t  

Is  c le a r ly  a ta sk  o f  H ercu lea n  p r o p o r tio n s .
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VI E x p er im en ta l r e s u lt s

M e a su r e m e n ts  ta k e n  at th r e e  d iffe r e n t  e n e r g ie s ,  3 .0 ,  4 .4  

an d  5 . 2  v o l t s  are  rep o r ted  h e r e . F ig u r e s  24 thru 2 7 i l lu s t r a t e  th e  raw  

d ata  a t 3 .0  v o l t s .  F ig u r e s  28thru 30 , th e  raw  d ata  a t 4 .4  v o l t s ,  a n d  

F ig u r es  3 1 thru 34 c o r r e sp o n d  to  5 . 2 v o l t s .  E ach  cu rv e  sh o w n  r e p r e ­

s e n t s  a v e r t ic a l  p r o f ile  o f  th e  s c a t te r in g  s ig n a l  a t a  g lv a e n  h o r iz o n ­

ta l  d e te c to r  p o s i t io n .  In an  id e a l  e x p e r im e n t, w h e re  e le c t r o n  and  

atom  b ea m s are  tr u ly  m o n o e n e r g e t ic  an d  beam  a n d  d e te c to r  w id th s

are n e g l ig ib le ,  t h e s e  p r o f i le s  w o u ld  r e p r e se n t  s c a t t e r in g  a t a g iv e n

★
e le c tr o n  p o la r  a n g le  6  a s  a fu n c tio n  o f  th e  a z im u th a l a n g le  tp . T he  

d e v ia t io n  o f  th e  p r e s e n t  e x p e r im e n ta l s y s t e m  from t h is  id e a l  i s  

tr e a te d  in  so m e  d e ta il  in th e  n ex t s e c t i o n .

F ig u re s  2 4  thru 37 i l lu s t r a t e  th e  e n t ir e  v e r t ic a l  p r o f ile ,  

a n d  c le a r ly  s h o w  th a t th e  c u r v e s  are sy m m e tr ic a l a b o u t th e  p la n e  

o f  s c a t t e r in g .  T h is  i s  a d ir e c t  c o n s e q u e n c e  o f  th e  la c k  o f  a z i ­

m uthal d e p e n d e n c e  o f  th e  s c a t t e r in g ,  a n d  th e  fa c t  th a t  th e  g e o m e t ­

r ic  p r o p e r t ie s  o f  th e  d e te c to r  a re  sy m m e tr ic a l a b o u t th e  p la n e  o f  

s c a t t e r in g .  H a v in g  d e m o n str a te d  t h is  p r e d ic ta b le  fe a tu r e , d ata  a t  

th e  o th e r  e n e r g ie s  w e r e  ta k e n  o n ly  at d e te c to r  p o s i t io n s  a b o v e  (o r  

b e lo w ) t h i s  p la n e , a n d  c o m p u te d  a r e a s  m u lt ip lie d  by a  fa c to r  o f  2 .

In th e  s e c t io n  d e a lin g  w ith  momentum tra n sfer , it w a s

* T h is  i s  tr u e  o n ly  t o  f ir s t  ord er  in  th e  r a t io  o f  e le c t r o n  t o  a tom  
m om entum . S e e  s e c t io n  on  m om entum  tr a n s f e r .
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s h o w n  th a t  a t a n y  h o r iz o n ta l d e te c to r  p o s i t io n  for  w h ic h  l n e l a s t i c a l l y  

s c a t t e r e d  a to m s  c a n  r e a c h  th e  d e te c to r , th e  v e r t ic a l  p r o f ile  i s  d iv id e d  

in to  tw o  or m ore r e g io n s .  T he u p p erm o st part o f th e  c u r v e  r e p r e s e n ts  

e l a s t i c  s c a t t e r in g  o n ly , an d  th e  r e s t  o f  th e  c u rv e  c o r r e s p o n d s  to  a 

c o m b in a t io n  o f  b o th  e l a s t i c  a n d  i n e l a s t i c  s c a t t e r in g  e v e n t s .  If th e  

u p p er part o f  th e  p r o f ile  c a n  be p ro p er ly  e x tr a p o la te d , it s h o u ld

b e p o s s i b l e  to  s e p a r a te  e l a s t i c  a n d  in e l a s t i c  e v e n t s .

F ig u r e s  31 thru 34 d e m o n str a te  m ost c le a r ly  h o w  th e  t e c h ­

n iq u e  w o r k s .  T he d e te c to r  w a s  f ir s t  s c a n n e d  t o  a p o s it io n  c l o s e  to  

th e  u n s c a t t e r e d  atom  b eam  w h er e  o n ly  e l a s t i c  e v e n t s  c a n  be r e c o r d e d  . 

As th e  d e te c to r  m o v e s  out from th e  u n s c a t t e r e d  atom  b eam  in  th e  h o r i­

z o n ta l  d ir e c t io n , th e  p r o f i le s  b ro a d en  a n d  f la t t e n  o u t, th e  s ig n a l  a t  

a n y  p o in t d e c r e a s in g .  T h is  i s  in  a g r ee m en t w ith  th e  fa c t  th a t  th e  

form fa c to r  AFF* w h ic h  i s  a m e a su r e  at a n y  v e r t ic a l  p o s i t io n  o f  th e  

d e te c to r  o f  th e  fr a c t io n  o f  a l l  a to m s  d e t e c t e d  for a  g iv e n  s c a t t e r in g  

a n g le  6 , d e c r e a s e s  a s  6  in c r e a s e s  i . e .  a s  th e  d e te c to r  d is p la c e m e n t  

i s  in c r e a s e d .  T he m axim um  v e r t ic a l  d is p la c e m e n t  for a  s c a t t e r e d  

aton u  i s  d e te r m in e d  by

X = s in  6

a n d  c o n s e q u e n t ly  in c r e a s e s  a s  th e  d e te c to r  i s  s c a n n e d  from th e  b eam  

a x i s .  T he m o st im p o rta n t fe a tu r e  o f  t h e s e  p r o f i le s  i s  t h e  f a c t  th a t

t h e y  a re  f la t  o v e r  a  w id e  r a n g e .
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W h en  th e  d e te c to r  i s  s c a n n e d  t o  p o s i t io n s  g r e a te r  th a n  

57 m ils ,  a n e w  fe a tu r e  i s  c le a r ly  e v id e n t .  A s m a ll  p ea k  a p p e a r s  

at th e  c e n te r  o f  th e  p r o f ile ,  a n d  t h is  g ro w s  a s  th e  d e te c to r  d i s ­

p la c e m e n t  in c r e a s e s ,  u n til it  r e a c h e s  a m axim um  at a d e te c to r  

p o s it io n  o f  118  m i l s .  T h is  p ea k  r e p r e s e n ts  s c a t t e r e d  a to m s  th a t  

w e r e  e x c i t e d  from th e  ground to  th e  f ir s t  e x c i t e d  s t a t e .  T he fa c t  

th a t  th e  p eak  d o e s  n ot o c c u r  at a  s in g le  d e te c to r  p o s i t io n ,  but 

ra th er  b u ild s  up  o v e r  a ra n g e , i s  a  c o n s e q u e n c e  o f  th e  a tom  and  

e le c t r o n  v e lo c i t y  d ltr ib u t io n s  a n d  th e  f in i t e  w id th s  o f  th e  atom  

beam  a n d  d e t e c t o r .  H o w ev er , b e c a u s e  o f  th e  f l a t n e s s  o f  th e  c u r v e  

r e p r e s e n t in g  e l a s t i c  e v e n t s ,  it i s  not d if f ic u lt  t o  s e p a r a te  th e  c o n ­

tr ib u t io n s  to  th e  t o t a l  s ig n a l  o f  e l a s t i c  an d  i n e l a s t i c  e v e n t s  . O ne  

s im p ly  e x t r a p o la te s  th e  f la t  part o f  th e  cu r v e  in  th e  r e g io n  w h ere  

o n ly  e l a s t i c  s c a t t e r in g  c a n  o c c u r  to  th e  r e g io n  w h er e  b oth  t y p e s  o f  

s c a t t e r in g  c a n  o c c u r .  T h e l i n e s  in  F ig u r e s 31 th r u 34 r e p r e se n t  

th e  d iv i s io n .

As th e  d e te c to r  i s  m o v ed  b e y o n d  118 m ils ,  th e  in e la s t i c  

p eak  b r o a d e n s  a n d  i s  r e d u c e d  in  m a g n itu d e  in  th e  sa m e  w a y  a s  th e  

e l a s t i c  p e a k . B eyon d  148 m ils ,  th e  c o n tr ib u t io n  to  th e  s ig n a l  from  

e l a s t i c  s c a t t e r in g  i s  n e g l i g i b l e .  At a d e t e c to r  p o s i t io n  o f  159  m ils ,  

a n o th e r  p ea k  i s  o b s e r v e d  a t  th e  c e n te r ;  t h i s  c o r r e s p o n d s  t o  e x c i t a ­

t io n  from th e  grou n d  s t a t e  t o  th e  3d s t a t e .  T h is  p eak  r e a c h e s  a
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m axim um  at a b o u t 2 1 9  m ils ,  and a s  d id  th e  o th er  p e a k s  f la t t e n  o u t  

a s  th e  d e te c to r  I s  d is p la c e d  fu r th er . A ga in  c o n tr ib u t io n s  to  th e  t o ­

t a l  s ig n a l  from e a c h  o f  th e  tw o  i n e l a s t i c  p r o c e s s e s  ca n  b e  e v a lu a te d  

b y  e x tr a p o la t in g  th e  p r o f ile  co r r e sp o n d in g  to  th e  1 s t  e x c i t a t io n  e v e n t  

in to  th e  r e g io n  w h e r e  b o th  ty p e s  o f  s c a t te r in g  o c c u r .

F igu re  3 1 th rou gh  3 4  a l s o  sh o w  a r e a s  co m p u ted  for e a c h  ty p e  o f  

s c a t te r in g  at e a c h  d e te c to r  p o s i t i o n .  A lth ou gh  th e  e x p e r im e n t i s  not 

id e a l  in  th e  s e n s e  th a t a g iv e n  d e te c to r  p o s i t io n  c o r r e s p o n d s  to  a 

g iv e n  p o la r  a n g le  0  i t  c a n  b e  a s su m e d  th a t o n ly  a to m s s c a t t e r e d  b y  

e le c t r o n s  w ith in  a s m a ll  ra n g e  o f  6  are s c a t t e r e d  in to  th e  d e t e c to r .  

T h is  a v e r a g e  ca n  b e c a lc u la te d  u s in g  th e  r e la t io n s h ip s  b e tw e e n  atom  

an d  e le c tr o n  s c a t te r in g  a n g le s  and th e  k now n p o s i t io n  o f  th e  d e t e c to r .  

The co m p u ted  a r e a s  c a n  th u s  b e  p lo t te d  a s  a fu n c tio n  o f  e le c t r o n  p o la r  

s c a t te r in g  a n g le  and a  d if f e r e n t ia l  c r o s s  s e c t io n  o b ta in e d . An a b s o lu t e  

s c a l e  for th e  r e s u lt in g  c u r v e  w a s  a rr iv ed  a t in  th e  f o l lo w in g  m a n n er .

If th e  e le c t r o n  and  atom  b e a m s are a s s u m e d  to  b e  m o n o ch ro m a tic , 

and th e  atom  cu rren t d e n s i t y  uniform  o v e r  I t s  c r o s s - s e c t i o n  a r e a , e -  

q u a tio n  (3 0) ca n  b e  in teg r a te d  to  g iv e

(32)

w h e r e  AN i s  now  th e  num ber o f a to m s  re a d in g  th e  d e te c to r  forb
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e x c i t a t io n  o f  o n e  c h a n n e l o n ly  and I and I* a r e  th e  to ta l  e le c t r o ne  A

and atom  c u r re n ts  r e s p e c t i v e l y .  If i t  i s  further a s s u m e d  th a t  th e  

d e te c to r  i s  s u f f ic ie n t ly  narrow  s o  th a t  6  d o e s  n o t v a ry  a c r o s s  th e  

d e te c to r  w id th  D , th e n  th e  to ta l  num ber o f  a to m s  s c a t t e r e d  b e ­

tw e e n  Z - D / Z  and Z + D /2  i s  g iv e n  b y

i N s (z ,=  m § v  V a ^ 6 ’ (3 3 >

w h e r e  6  i s  r e la te d  to  Z throu gh  th e  tr a n sfo r m a tio n  e q u a t io n s  .

E q u ation  {3 1) c a n  b e  In te g r a te d  o v e r  a l l  a n g le s  w ith  th e  sa m e  

a s s u m p t io n s  a s  a b o v e  to  o b ta in  an  e x p r e s s io n  for th e  t o ta l  c r o s s -  

s e c t i o n .  Thus w e  h a v e

VH T T
* TOTAL = I T  ' s  = KIS <3 4 '

e  A

TW h ere  Ic  i s  now th e  t o ta l  s c a t te r in g  ou t cu rren t i . e .  th e  to ta l
b

num ber o f  a to m s  s c a t t e r e d  from th e ir  in i t ia l  t r a j e c t o r ie s .  The c u r -  

Tren t I i s  ob ta l n ed  b y  s c a n n in g  th e  d e te c to r  in to  th e  u n s c a t te r e d
s

atom  b e a m , and  in te g r a tin g  th e  m e a su re d  s c a t te r in g  o u t s ig n a l  o v e r  

th e  b eam  c r o s s - s e c t i o n .  In p r a c t ic e  th e  d e te c to r  i s  p la c e d  on  th e  

b eam  a x i s  and th e  t o ta l  s c a t te r in g  s ig n a l  a t t h i s  p o s i t io n  i s  o b ­

ta in e d  b y  s c a n n in g  th e  d e te c to r  o v e r  th e  b eam  h e ig h t .  The r e s u lt in g

cu rren t i s  in c r e a s e d  b y  th e  r a t io  o f  t o ta l  atom  cu rren t to  th e  cu rren t

T
in te r s e c t e d  b y  th e  d e te c to r  a t t h is  p o s i t io n ,  an d  Ig i s  th u s  fo u n d .
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T
T h is  m eth od  m in im iz e s  th e  error in  I d u e  to  a to m s  b e in g  s c a t t e r e dO

in to  th e  d e te c to r  from th a t  s id e  o f  th e  atom  b eam  p r o f ile  o n  w h ic h

th e  e le c tr o n  b ea m  i s  in c id e n t .  A v e r t ic a l  p r o f ile  o f  th e  s c a t te r in g

o u t s ig n a l  i s  sh o w n  at th e  top  o f  f ig u re  3 1 .

In an In d e p e n d e n t e x p e r im e n t c o n d u c te d  in  t h is  lab oratory

m e a su r e m e n ts  o f  a  , h a v e  b e e n  m ade to  a h ig h  d e g r e e  o fto ta l
T

a c c u r a c y .  W ith  t h e s e  v a lu e s  o f o to ta l  an d  th e  m e a su re d  Ig , a  v a lu e  

for K In (34) i s  d e te r m in e d . E q uation  (33)  c a n  now  b e  rea rra n g ed  

to  y ie ld

“ " " " I S d  ( t t M  “total ,15’
s

T hus a ( 9  i s  fou n d  in  term s o f  th e  m ea su r ed  q u a l i t i e s  a n
S

Tand and th e  a c c u r a t e ly  m ea su red  v a lu e  o f  o . • The a rea  S t o t a l
T

c o r r e sp o n d in g  to  AN and  I w e r e  co m p u ted  u s in g  th e  sa m e
u O

v e r t ic a l  s c a l e .  S in c e  ct ( 6 ) i s  p ro p o rtio n ed  to  th e  r a t io  o f  t h e s e  

tw o  n u m b ers, f a c to r s  c o n v e r t in g  a r e a s  to  s c a t te r in g  s ig n a l s  c a n c e l ,  

and it  i s  u n n e c e s s a r y  t o  h a v e  a p r e c i s e  k n o w le d g e  o f  th e  h e ig h t  

o f  th e  d e t e c t o r .  An im p ortan t s o u r c e  o f s y s t e m a t ic  error i s  th u s  

e l im in a t e d .

F ig u r e s  3 5 th rou gh  4 0  sh o w  d if f e r e n t ia l  c r o s s - s e c t i o n s  co m p u ted
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in  t h is  m anner for a l l  th r e e  e n e r g i e s .

A d if f e r e n t ia l  run a t 1 . 0  e  V o lts  w a s  a l s o  o b ta in e d  an d  c o m ­

p a red  w ith  th e  th e o r e t ic a l  w ork  o f  K a r u le ^  and r e c e n t  e x p e r im e n ta l

(13)
w ork  b y  C o l l in s  . The r e s u l t s  are sh o w n  in  F igu re  41 . S in c e  

a 2 - s t a t e  c l o s e  c o u p lin g  a p p ro x im a tio n  i s  e x p e c t e d  to  g iv e  

a c c u r a te  r e s u l t s  a t  t h is  e n e r g y , th e  e x c e l l e n t  a g r e e m e n t b e tw e e n  

th e o r y  and ex p e r im e n t v a l id a t e s  b o th  K a ru le 's  c a lc u la t io n s  and th e  

n o r m a liz a t io n  p ro ced u re  u s e d  in  th e  p r e s e n t  e x p e r im e n t .  The 

rath er  p o o reer  a g r e em e n t w ith  C o l l in s '  w ork  i s  p ro b a b ly  c a u s e d  

b y  th e  a s s u m p t io n s  h e  had to  m ake to  o b ta in  th e  to ta l  s c a t te r in g  

a t e a c h  d e te c to r  p o s i t io n ,  d n  C o l l in s '  e x p e r im e n t, th e  d e te c to r  

c o u ld  n o t b e  m oved  u u t o f  th e  p la n e  o f  s c a t t e r in g ,  and h is  d a ta  h a d  to  

b e  d iv id e d  b y  th e  form fa c to r  \ (  9 , V, E) in te g r a te d  o v e r  th e  

v e l o c i t y  d is t r ib u t io n s  o f  b o th  e le c t r o n  and atom  b e a m s . T h is  fa c to r  

d e p e n d s  c r i t i c a l ly  on  th e  d e t a i l s  o f  th e  d is t r ib u t io n s  at s m a ll  a n g le s )  .

The m axim um  error in  th e  a b s o lu t e  v a lu e s  for th e  d i f ­

f e r e n t ia l  c r o s s - s e c t i o n s  i s  e s t im a te d  to  b e  ± 13%.  T h is  a r i s e s  from

th e  u n c e r ta in ty  in  e le c t r o n  e n e r g y  (5%), u n c e r ta in ty  in  A N g < 1 0 %),

T (5%) an d  a  „ „ . (5%)* K sh o u ld  b e  p o in te d  o u t h ere  th a t  a lth o u g h  
S to ta l

th e  v a lu e s  u s e d  for cr  ̂  ̂ , w e r e  o b ta in e d  in  a c o m p a n io n  e x ­
to ta l

p er im en t d e s ig n e d  s p e c i f i c a l l y  t o  m e a su re  t h is  c r o s s - s e c t i o n ,  t h e s e

—64



v a lu e s  are in  e x c e l le n t  a g reem en t w ith  to ta l c r o s s -  s e c t io n  

m ea su rem en ts  m ade in th e  p resen t e x p e r im e n ta l arran gem en t, 

w ith  l e s s  r e f in e d  c a lib r a t io n  p r o c e d u r e s .
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VII. C o m p a r iso n  o f  v e r t i c a l  p r o f i l e s  w ith  t h e o r e t i c a l  p r e d ic t io n s  

The e s s e n t i a l  v a l i d i t y  o f  th e  k in e m a t ic s  p r e s e n te d  in  th e  

s e c t i o n  o n  m om entum  tr a n s fe r  a n a l y s i s  h a s  a lr e a d y  b e e n  d e m o n ­

s tr a te d  b y  o b s e r v a t io n  o n  th e  l o c a t io n  o f  th e  e x c i t a t i o n  p e a k s .

It i s  h o w e v e r  Im portant to  c o m p a r e  th e  t h e o r e t i c a l  p r e d ic t io n s  

o f  th e  v a r ia t io n  o f  s c a t t e r in g  s i g n a l  w ith  d e t e c t o r  p o s i t i o n  w ith  

th e  raw s c a t t e r in g  d a t a .  In th e  s e c t i o n  on  m om entum  tr a n s fe r  

a n a l y s i s  i t  i s  s h o w n  th a t  th e  s c a t t e r e d  a tom  cu rren t  r e a c h in g  

th e  d e t e c t o r  Is g i v e n  b y

4N S ■ i l l y E) dE f  i W ' o d Z ' o JA(X; Z'oV)] e ' a <e » Sln e Yl(® .V .E ,d 8

w h e r e  V ,E) i s  th e  a z im u th a l  form f a c to r  (AFF). The AFF

i s  a  fu n c t io n  o f  X , th e  c o o r d in a te  w h ic h  d e s c r i b e s  th e  v e r t i c a lo

p o s i t i o n  o f  th e  d e t e c t o r .  W e  w o u ld  l i k e  to  e x a m in e  th e  b e h a v io r

o f  v  J 6 .V ,  E) a s  a  fu»~:tlon o f  X for  g i v e n  ©. a to m  v e l o c i t y  V and  
i  o

e l e c t r o n  e n e r g y  E. C u rve  A o f  F igu re  4 2  i l l u s t r a t e s  th e  d e p e n d ­

e n c e  o f  AFF on  th e  v e r t i c a l  c o o r d in a te  X , for th e  4 S - 4 P  i n e l a s t i c
o

c h a n n e l .  The v a l u e s  c h o s e n  for 6 , V an d  E c o r r e s p o n d  to  t h o s e  

c a l c u l a t e d  for th e  e x p e r im e n ta l  c u r v e  D .  Two f e a tu r e s  a r e

- 6 6 -
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I m m e d ia te ly  e v id e n t ;  1) The AFF i s  s y m m e tr ic a l  a b o u t  th e  

p la n e  o f  s c a t t e r in g ,  an d  2 ) i t  Is  s h a r p ly  p e a k e d  n e a r  th e  m a x i­

mum v a lu e  o f  X . S i n c e  i t  i s  to  b e  e x p e c t e d  th a t  th e  s h a p e  o fo

£N w i l l  be  d e te r m in e d  in  la r g e  part b y  th e  AFF th e r e  i s  c o n -  
s

s id e r a b l e  d i s a g r e e m e n t  b e t w e e n  t h is  s im p le  th e o r y  an d  th e

r a w  d a t a .  C l e a r l y  f a c to r s  s u c h  a s  th e  a tom  an d  e le c t r o n

v e l o c i t y  d i s t r i b u t i o n s ,  b eam  an d  d e t e c t o r  w id th s  an d  beam

h e ig h t  h a v e  t o  b e  c o n s id  ered  i f  p r e d ic t io n s  for A N a r e  tos

a g r e e  w ith  th e  o b s e r v e d  p r o f i l e s .

T h e s e  fa c to r s  a r e  ta k e n  in to  a c c o u n t  b y  in te g r a t in g  Equa­

t io n  31 o v e r  a l l  th e  v a r i a b l e s .  R e c ta n g u la r  d i s t r ib u t io n s  in

I (E) an d  I,(V ) w e r e  a s s u m e d ,  th e  w id t h s  b e in g  ta k e n  a s  ±10% 
e  A

arou n d  th e  m ea n  v a l u e s .  The a to m  beam  cu rren t  J .(X  'Z ')A o o

w a s  a s s u m e d  w ith in  a c r o s s  s e c t i o n a l  a rea  o f  0 .0 0 4 "  x  0 . 0 0 4 " ,

an d  th e  d e t e c t o r  w id th  a s s u m e d  to  b e  0 .0 1 0 " .  S in c e  th e  ra n g e

o f  8  in  th e  c o m p u ta t io n  o f  ANs i s  e x p e c t e d  t o  b e  s m a l l  ( ~ 1 0 ° ) ,

ct ( 8 ) w a s  a s s u m e d  to  b e  c o n s t a n t .  T h is  w i l l  o n ly  In tro d u ce

a n  a p p r e c ia b le  error in  th e  c a l c u l a t i o n s  in  th e  u n u s u a l  c a s e

w h e r e  th e  c r o s s  s e c t i o n  i s  a v e r y  rap id  fu n c t io n  o f  a n g l e .

A c o m p u te r  program t o  c o m p u te  A N  a s  a  fu n c t io n  o f  X for th*s  o

4 S - 4 P  c h a n n e l  w a s  w r i t t e n .  C u rv e  B o f  F igu re  4 2  s h o w s  tfcft



r e s u l t s  o f  th e  c a l c u l a t i o n s .  The p e a k s  h a v e  b e e n  c o n s id e r a b l y  

r e d u c e d  In i n t e n s i t y ,  but t h e  s h a p e  Is  s t i l l  in  poor  a g r e e tn e n t  

w ith  th e  e x p e r im e n ta l  d a t a .  In p a r t ic u la r ,  th e  lo n g  t a i l  in  t h e  

d a ta  Is n o t  a c c o u n t e d  for In a n y  w a y  b y  th e  a b o v e  t h e o r y .  A l­

th o u g h  d e t a i l e d  k n o w le d g e  o f  th e  a to m  an d  e le c t r o n  v e l o c i t y

i s  n o t  k n o w n  h e r e ,  AN w a s  c o m p u te d  for a v a r i e t y  o f  d i s t r l -
s

b u tto n s  w i t h in  r e a s o n a b le  b o u n d s ,  an d  th e  s h a p e  o f  th e  c u r v e  

d id  n ot c h a n g e  s i g n i f i c a n t l y .

A n oth er  fa c to r  t o  b e  t a k e n  Into a c c o u n t  Is th e  f in i t e  c o m ­

p o n e n t  o f  th e  e l e c t r o n ’s  m om entum  tr a n sv e r s e  to  th e  c o l l im a t in g  

B - f l e l d .  The e q u a t io n  for t h e  num ber o f  a to m s  s c a t t e r e d  Into  

th e  d e t e c t o r  m o d if ie d  to  t a k e  t h i s  f a c to r  Into a c c o u n t  Is g iv e n  

b y

A N  <E, X)dE“ ~ dX \  Id x '  d z '  J J x '  , z ’ ,V)
S H JJJ e  V JJ o  o  A o  o

l 9 2 (X)x  J a  (0) s i n  0 [<p2 (X) -  ^  (X )]d  0
Bj(X)

The In te g r a t io n  o v e r  X in  e f f e c t  c o r r e s p o n d s  to  a r o ta t io n  

o f  th e  c o o r d in a te  s y s t e m  a b o u t  th e  y - a x l s  w h ic h  Is th e  d lr a o t lo n  

o f  th e  a to m  b e a m .  The d e t e c t o r  c o o r d in a t e s  t h i s  c h a n g e  

e a c h  v a l u e  o f  X an d  are  r e la t e d  throu gh  th e  tr a n s fo r m a t io n  

e q u a t i o n s :



x  = x  c o s  X -  z  s i n  X 
o  o

z = x  s l n X  + z  c o s  X o  o

w h e r e  x  , z  a r e  th e  d e t e c t o r  c o o r d in a t e s  in  th e  in i t ia l  X = 0
o o

f r a m e .  Thus 0 , 6  , tp an d  a  are  fu n c t io n s  o f  X th o u g h  th e tr
X €+ £• X

d e p e n d e n c e  on  x ,  z  an d  th e  in te g r a t io n s  m u s t  b e  c a rr ied  ou t  

in  th e  order  s h o w n  in  E q u a tio n  3 6 .

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

m om entum  d i s t r ib u t io n  f u n c t io n ,  but a r e a s o n a b le  g u e s s  w a s  

m ad e an d  i s  s h o w n  in  F igu re  4 3 .  The g e o m e tr y  o f  th e  in t e r a c ­

t io n  r e g io n  i s  3 u c h  th a t  th e  s m a l le r  th e  c o m p o n e n t  o f  t r a n s v e r s e  

m om entum , th e  g r e a te r  th e  e l e c t r o n  cu rren t  p a s s i n g  th ro u g h  th e

a tom  b e a m . AN w a s  c a l c u l a t e d  a g a i n  w ith  t h i s  n e w  v a r ia b le  
s

an d  th e  r e s u l t s  a r e  s h o w n  in  c u r v e  C o f  F ig u re  42  . T h is  c u r v e  

i s  n o w  in  b e t te r  a g r e e m e n t  w ith  e x p e r im e n ta l  r e s u l t s .  In p a r t ic u ­

la r  n o t i c e  th e  f l a t n e s s  o f  th e  c u r v e  in  th e  c e n t e r  r e g io n  a n d  that 

th e  lo n g  t a i l  o b s e r v e d  in  th e  e x p e r im e n ta l  d a ta  Is  n o w  p r e a a o t  

in  th e  t h e o r e t i c a l  c u r v e .  B e c a u s e  o f  th e  g r e j t  a m o u n t  o f  c o m ­

p u te r  t im e  req u ired  to  c a rry  o u t  th e  l a s t  c a l c u l a t i o n ,  i t  w a s n ' t  

p o s s i b l e  to  v a r y  th e  p a r a m e te r s  to  s e e  i f  b e t te r  a g r e e m e n t
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b e  o b t a in e d .  H o w e v e r  a t  t h i s  p o in t  th e  r e a s o n a b ly  g o o d  a g r e e m e n t  

w a s  th o u g h t  s u f f i c i e n t  to  further J u s t i fy  th e  t e c h n iq u e  for s e p a r a t ­

in g  e l a s t i c  an d  i n e l a s t i c  e v e n t s  w h ic h  w a s  b a s e d  u p o n  e m p ir ic a l  

c o n s i d e r a t i o n s .
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VIII. U n c e r ta in ty  in  e l e c t r o n  a n g l e  an d  a n g u la r  r e s o lu t io n  o f  th e  

a p p a r a tu s

In a n  e x p e r im e n t  d e s i g n e d  t o  m e a s u r e  th e  d i f f e r e n t ia l  c r o s s -  

s e c t i o n ,  i t  i s  im p ortan t to  e x a m in e  th e  a n g u la r  r e s o l v in g  p o w er  o f  

th e  d e t e c t i o n  s y s t e m  In s o m e  d e t a i l .  C o l l i n s  h a s  tr e a te d  th e  p rob lem ,  

but n e g l e c t e d  to  ta k e  in to  a c c o u n t  the  f in i t e  w id th s  o f  th e  u n s c a t t e r e d  

atom  b eam  and h ot w ir e  d e t e c t o r

The tr a n s fo r m a t io n  e q u a t i o n s  r e la t in g  a to m  an d  e le c t r o n  s c a t t e r in g  

a n g l e s  y i e l d  th e  f o l lo w in g  e x p r e s s i o n  for th e  u n c e r ta in ty  in  th e  e l e c ­

tron  p o lar  s c a t t e r in g  a n g l e ,  6

w h e r e  AV an d  AE are  th e  u n c e r t a in t i e s  in  a tom  v e l o c i t y  an d  e l e c t r o n  

e n e r g y ,  a n d  AZ i s  th e  sum  o f  a to m  beam  an d  d e t e c t o r  w id th s  . (It i s  

a s s u m e d  h e r e  th a t  th e  atom  b eam  cu rren t p r o f i le  i s  r e c ta n g u la r  W ith  

t h i s  a s s u m p t io n ,  th e  u n c e r t a in t y  in  6  d u e  to  th e  c o m b in e d  w id th s  

o f  th e  d e t e c t o r  an d  a tom  b eam  i s  e q u iv a le n t  to  that c a l c u l a t e d  b y  

a s s u m in g  th a t  th e  d e t e c t o r  w id th  i s  th e  sum  o f  b o t h ) .

(39)
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It i  s  c l e a r  from th e  a b o v e  e x p r e s s i o n  th a t  e v e n  In th e  c a s e  

w h e r e  th e  e l e c t r o n  a n d  a to m  b e a m s  are  p e r f e c t ly  m o n o c h r o m a t ic ,  

th e  a n g u la r  r e s o lu t io n  Is  poor  a t  s m a l l  an d  la r g e  a n g l e s  b e c a u s e  o f  t h e  

I / s i n  © term . P h y s i c a l l y ,  t h i s  a r i s e s  b e c a u s e  th e  reco lJ  a n g le  t  i s  

p r o p o rt io n a l  t o  ( 1 - c o s  0 ( s o  th a t  s m a l l  v a r ia t io n s  in  t  a t  t h e s e  a n g l e s  

g i v e  r i s e  to  la r g e  v a r ia t io n s  in  0 . The fa c to r  ta n ( l /2 0 )  In th e  term  

in v o lv in g  AV a n d  AE r e s u l t s  in  a  m o n o to n lc a l ly  i n c r e a s in g  c o n t r ib u -  

t io  n to  th e  u n c e r ta in ty  in  6  from 0  t o  w a r i s in g  from th e  e l e c t r o n  e n d  

atom  v e l o c i t y  d i s t r i b u t i o n s .  T h is  c o n tr ib u t io n ,  a lm o s t  n e g l i g i b l e  a t  

s m a l l  a n g l e s  o f  r e c o i l ,  r e s u l t s  in  a  rapid  d e te r io r a t io n  o f  th e  s y s t e m  

r e s o lu t io n  a t  la r g e  a n g l e s  an d  i s  a n  u n a v o id a b le  c o n s e q u e n c e  o f  thia 

t e c h n i q u e .

The a n g u la r  r e s o lu t io n  w a s  e v a lu a t e d  for v a r io u s  v a l u e s  o f  W f  

an d  AE for  e l a s t i c  s c a t t e r in g  a t  1 . 0  e V o lt s  an d  4 S - 4 P  i n e l a s t i c  s c a t ­

te r in g  a t  5 . 0  e V o l t s . The r e s u l t s  are  s h o w n  in  F ig u r e s  4 4  an d  45  

w h e r e  A 6  i s  th e  d i f f e r e n c e  b e t w e e n  th e  m axim um  an d  minim um  angle 

a t  a n y  g i v e n  d e t e c t o r  p o s i t i o n .  Arrows I n d ic a t e  th e  p o s i t i o n s  o f  

0 ° ,  9 0 °  an d  1 8 0 °  s c a t t e r i n g .  The f e a tu r e s  m e n t io n e d  a b o v e a a r a  

c l e a r l y  e v i d e n t .  The im p ro v e m en t  in  r e s o l u t i o n  a t  th e  l a r g e s t  

a v e r a g e  a n g l e s  r e s u l t s  from th e  f a c t  th a t  a to m s  from th e  high ane*gy 

p a rts  o f  th e  a to m  v e l o c i t y  a re  s c a t t e r e d  b y  th e  slow aat electrons In
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th e  e l e c t r o n  e n e r g y  d i s t r ib u t io n  a t  a n g l e s  o f  r e c o i l  s m a l l e r  th a n  

th e  a n g u la r  d i s p l a c e m e n t  o f  th e  d e t e c t o r .  T h is  o f f e r s  in t e r e s t in g  

p o s s i b i l i t i e s  for  th e  o b s e r v a t io n  o f  1 8 0 °  s c a tte r in g  a t  h ig h  r e s o lu t io n ,  

th o u g h  o n ly  s c a t t e r in g  for a n g le s  l e s s  than  1 0 0 °  w a s  in v e s t ig a te d  h e r e .

The c u r v e s  r e p r e s e n t in g  AV/V = 10% an d  AE = 0 . 4 0  V o lts  a r e  a p ­

p ro p r ia te  for th e  p r e s e n t  e x p e r im e n t .  For th e  a n g u la r  ra n g e  I n v e s t i ­

g a te d  a t  5 . 0  v o l t s ,  th e  r e s o lu t io n  i s  t y p i c a l l y  1 0 ° .  At lo w e r  e le c t r o n  

e n e r g i e s ,  th e  a n g u la r  sp r e a d  I n c r e a s e s  a s  AE b e c o m e s  a n  i n c r e a s in g l y  

g r e a te r  f r a c t io n  o f  th e  e l e c t r o n  e n e r g y .  T h is  i s  d e m o n s tr a te d  in  th a  ciuva 

for  e l a s t i c  s c a t t e r in g  a t  1 .0  V o l t s ,  w h e r e  th e  r e s o lu t io n  v a r i e s  from a  

m inim um  o f  1 2 °  a t  s m a l l  a n g l e s  to  6 0 °  a t  la r g e  a n g l e s

F ig u r e s  4 4  and 45 a l s o  s h o w  p lo t s  fo rA V /V  = 4% an d  A E = 0 .0 4  Volts 

w h ic h  i s  th e  b e s t  s e l e c t i o n p r e s e n t l y  a t t a in a b le  from atom  b eam  v elo c­

i t y  s e l e c t o r s  and e l e c t r o n  m o n o r c h r o m a to r s . The Im p rovem en t In reso­

lu t io n  i s  s m a l l  co m p a red  to  th e  p r ic e  p a id  in  s i g n a l  t o n o i s e  r a t io .

E le c tr o n  m o n o ch ro m a to rs  t y p i c a l l y  y i e l d  c u rren ts  o n  th e  ord er  o f  10  ̂

a m p e r e s  in  c o m p a r is o n  t o  th e  2 0 0  ^ .am peres u s e d  in  t h i s  e x p e r im e n t  

while the a to m  b n m  cu rren t  for  a 4% v e l o c i t y  sp r e a d  c a n  be expected  

to fe ll by a factor of 5 . The signal to nolee r a t io  le thus reduced by 

a  factor o f  1 0 *'

Finally, sin ce the differential croee aectlone are obtained by 

relating electron to atom recoil an gles, the angular uncertainty df
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th e  c r o s s  s e c t i o n s  d e p e n d s  o n  th e  a c c u r a c y  o f  th e  tr a n sfo r m a t io n  

e q u a t io n s .  T h is  a c c u r a c y  Is d e te r m in e d  a lm o s t  e n t i r e l y  b y  th e  u n ­

c e r t a in ty  In a b s o l u t e  e n e r g y  d e te r m in a t io n  o f  th e  e l e c t r o n  an d  atom  

b e a m s .  H o r iz o n ta l  error bars  a r e  In c lu d e d  in  th e  Ijfciures I l lu s tr a t in g  

th e  d i f f e r e n t ia l  c r o s s - s e c t i o n s .  T h e s e  w e r e  c o m p u te d  a s s u m in g  

th e  a to m  v e l o c i t y  w a s  k n o w n  to  ±4% an d  th e  e l e c t r o n  e n e r g y  to  w i t h ­

in  ± 0 . 1 0  e V o l t s .
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IX. C o m p a r iso n  o f  th e o r y  w ith  e x p e r im e n t

The o n ly  t h e o r e t i c a l  r e s u l t s  a v a i l a b l e  for c o m p a r is o n  w ith  

th e  p r e s e n t  e x p e r im e n ta l  d a ta  a r e  t h o s e  o f  Karule and P e t e r k o p ^

u s in g  a  2 - s t a t e  c l o s e  c o u p l in g  a p p r o x im a t io n  in c lu d in g  e x c h a n g e  

for p a r t ia l  w a v e s  L=0 through  8  . T h ey  ta b u la te  K -e le m e n t s  w h ic h  

a r e  r e la t e d  to  T - e l e m e n t s  throu gh  e q u a t io n  12. The d i f f e r e n t ia l  c r o s s  

s e c t i o n  for  m atr ix  4S -  4P s c a t t e r in g  Is  r e la t e d  to  th e  T - e l e m e n t s  in  

th e  f o l l o w in g  w a y

+
(40 )

P ° ( c o s  ^  = P ^ c o s  A)

d ( c o s  0 )
d P ( c o s  0 )JEr

P ^ ( c o s  A) = L egen d re P o ly n o m ia l
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g
The n o t a t io n  T ( t  ± 1) r e fe r s  t o  th e  c a s e s  w h e r e  th e  e l e c t r o n  Is

s c a t t e r e d  w ith  a n g u la r  m om entum  t  -  L T  1, L b e in g  th e  t o t a l  a n g u la r  

m om entum . The t o t a l  s p in  S c a n  be e i t h e r  1 or 0  c o r r e s p o n d in g  to  th e  

sy m m e tr ic  and a n t is y m m e tr ic  form s of th e  s p in  w a v e  fu n c t io n .  The  

t h e o r e t i c a l  c r o s s  s e c t i o n s  are  s h o w n  in F ig u r e s  3 6 ,3 8  , 39, 4 0 .

S in c e  th e  c r o s s  s e c t i o n s  are  n ot rapid f u n c t io n s  o f  e n e r g y ,  it i s  not  

u n r e a s o n a b le  to  c o m p a r e  K a u l e ' s  r e s u l t s  a t  4 . 0  an d  5 . 0  V o lts  w ith  

th e  p r e s e n t  d a ta  a t  4 . 4  an d  5 . 2 V o lts

C o n s id e r in g  th e  e x p e r im e n ta l  errors in v o lv e d ,  e x p e r im e n t  and  

th e o r y  a g r e e  v e r y  w e l l ,  e s p e c i a l l y  in  th e  o v e r a l l  m a g n itu d e  o f  th e  

c r o s s  s e c t i o n s .  The d i s p l a c e m e n t  o f  t h e o r e t i c a l  an d  e x p e r im e n ta l  

c u r v e s  a t  4 . 4 V o lts  an d  5, 2 V o lts  c a n  b e  e x p la in e d  by  th e  a n g u la r  

u n c e r ta in ty  in  th e  e x p e r im e n ta l  ct ( 6 ) .

In th e  run a t  5 .  2 v o l t s ,  th e  t h e o r e t i c a l  c u r v e  w a s  a v e r a g e d  

o v e r  th e  r e le v a n t  a n g u la r  sp r e a d  in  F igu re  45 , an d  th e  r e s u l t  sh o w s  

th a t  d i s t o r t io n  o f  th e  d i f f e r e n t ia l  c u rv e  i s  not g r e a t .

The t o t a l  m e a su r e d  4S -  4P c r o s s  s e c t i o n  from 0 °  to  3 6 ° ,  w h ic h  

i s  in d e p e n d e n t  o f  a n g u la r  a s s i g n m e n t  and  a v e r a g in g ,  w a s  co m p ared  

w ith  th e  t h e o r e t i c a l  c r o s s  s e c t i o n  in te g r a te d  o v e r  th e  s a m e  a n g u la r  

r a n g e .  The r e s u l t s  w e r e  a s  f o l lo w s :

o

EXPERIMENT
o

Energy® 5 . 2  V o lts
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36°

THEORY sin  0 d 9 = 0 . 3 9 x 1 0  ^ cm s^  Energy = 5 .0  Volts

F in a l ly ,  th e  to ta l  c r o s s  s e c t i o n  in  th e  a n g u la r  ran ge  0 -  17°{±  3°) for

e x c i t a t i o n  to  th e  3d , 5S s t a t e s *  w a s  c o m p u te d  to  be  

17°
4 S - * 3 | )  2irj CHS ) s in  0 d 6  - 2 . 2  x  l l)" lb c m 2  E nergy  = 5 . 2  V o lts

N o t h e o r e t i c a l  e s t i m a t e s  o f  t h i s  c r o s s  s e c t i o n  a r e  a v a i l a b l e

S in c e  it w a s  e x p e c t e d  th a t  th e  2 - s t a t e  a p p r o x im a t io n  w o u ld  y i e ld  

p c o r  r e s u l t s  a b o v e  2 . 6  v o l t s ,  th e  g e n e r a l ly  g o o d  a g r e e m e n t  b e t w e e n  

th e o r y  and e x p e r im e n t  i s  s o m e w h a t  s u r p r is in g .  H o w e v e r  it  s h o u ld  b e  

p o in te d  out that Karule e x t e n d e d  th e  c a l c u l a t i o n s  up  to  L= 8  p a rt ia l  

w a v e s .  At 4 an d  5 v o l t s  th e  T - e l e m e n t s  c o r r e s p o n d in g  to  L= 8  are  

q u ite  la r g e  in d ic a t in g  th a t  h ig h e r  L s t a t e s  m ay b e  im portant T h e s e  

w o u ld  c a u s e  a n  I n c r e a s e  in  th e  c r o s s  s e c t i o n .  If, a s  Burke h a s  s h o w n  

in  h y d r o g e n ,  th e  i n c l u s i o n  o f  m ore s t a t e s  in  th e  e ig e n f u n c t io n  e x ­

p a n s io n  r e d u c e s  th e  c r o s s  s e c t i o n ,  the  o v e r a l l  e f f e c t  o f  a b e t te r  

c a l c u l a t i o n  m ight not s i g n i f i c a n t l y  a l t e r  th e  m a g n itu d e  o f  th e  c r o s s  

s e c t i o n s .

*T he e n e r g y  s e p a r a t io n  b e t w e e n  5S an d  3d Is  0 . 0 5  v o l t s  The l e v e l s  
are th u s  d e g e n e r a t e  a s  far a s  th e  e n e r g y  r e s o lu t io n  of t h i s  e x p e r im e n t  
i s  c o n c e r n e d .
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X, C o n c lu s io n

The s u c c e s s  o f  th e  atom  b eam  r e c o i l  t e c h n iq u e  in  m e a su r in g  

a b s o l u t e  d i f f e r e n t ia l  c r o s s  s e c t i o n s  h a s  b e e n  a m p ly  dem o, u ted  

in  th e  p r e c e d in g  p a g e s .  S in c e  a lm o s t  a l l  o f  th e  p r e s e n t ly  a v a i l ­

a b le  t e c h n iq u e s  for m o n ito r in g  e x c i t a t i o n  p r o c e s s e s  h a v e  had  

to  r e ly  o n  c r o s s  s e c t i o n s  d e te r m in e d  p r e v io u s ly  (and  u s u a l l y  

In th e  1 9 3 0 ' s ) ,  th e  n e e d  for r e m e a su r e m e n t  o f  c e r ta in  c r o s s  

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

In h i s  r e v ie w  o f  e x p e r im e n ts  on  e l e c t r o n  im p a c t  e x c i t a t io n  

o f  a t o m s ,  F ite  { 2 ) w r i t e s  th a t ' th e  h i s t o r y  o f  e x c i t a t i o n  pro­

c e s s e s  i s ,  in  la r g e  part, a h i s t o r y  o f  In g e n u ity  In d e v i s i n g  

d e t e c t o r s  for th e  p r o d u c ts  o f  th e  e x c i t a t i o n  p r o c e s s ;  but,  

u n fo r tu n a te ly ,  v e r y  f e w  o f  t h e s e  d e t e c t o r s  h a v e  b e e n  d e v e lo p e d  

to  th e  p o in t  o f  r e l i a b i l i t y  an d  a c c u r a c y  s u c h  th a t  t h e y  c a n  be

u s e d  to  d e te r m in e  a b s o l u t e  e x c i t a t i o n  c r o s s  s e c t i o n s  "

It i s  in  t h i s  c o n t e x t  th a t  th e  r e c o i l  t e c h n iq u e  s h o u ld  b e  J a d g e d .  

C le a r ly  th e  a b i l i t y  to  m e a su r e  a b s o l u t e  c r o s s  s e c t i o n s  w ith o u t  

r e s o r t  to  n o r m a liz a t io n  b y  in d ir e c t  m eth d d s  i s  an  im portant  

n e w  d e v e lo p m e n t  In th e  s tu d y  o f  e x c i t a t i o n  p r o c e s s e s .
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F in a l ly ,  It s h o u ld  b e  e m p h a s i z e d  th a t  th e  r e c o i l  m eth od  

a ffo r d s  th e  b e s t  o p p o r tu n ity  for m e a su r in g  0 °  s c a t t e r i n g .  This  

s c a t t e r in g  c a n  in  p r in c ip le  be  o b ta in e d  from o b s e r v a t io n  o f  th e  

s c a t t e r e d  e l e c t r o n s . In p r a c t i c e  th e  u n s c a t t e r e d  e l e c t r o n  beam  

c o m p l i c a t e s  t h i s  m e a s u r e m e n t ,  and u s u a l l y  p r e v e n ts  a r e a s o n a b le  

d e te r m in a t io n  o f  It .  T h is  problem  d o e s  not e n te r  in to  th e  p r e s e n t

e x p e r im e n t  s i n c e  o b s e r v a t io n s  are  m ade on  th e  a t o m s .  It s h o u ld ,

o
h o w e v e r ,  b e  r e c o g n iz e d  th a t  th e  0  s c a t t e r in g  rep orted  h ere  Is

o  o
a v e r a g e d  o v e r  a s m a l l  ra n g e  o f  a n g l e s  ( t y p i c a l l y  0 -  15 ) .

Further, th e  r e c o i l  m eth o d  Is th e  o n ly  t e c h n iq u e  w h ic h  c a n  

be u s e d  to  s tu d y  1 8 0 °  s c a t t e r i n g .  A lth o u g h  th e  eng*ular r e s o l u ­

t io n  a t  la r g e  a n g l e s  i s  v e r y  poor, w ith  d e t a i l e d  k n o w le d g e  o f  

th e  e le c t r o n  an d  a tom  v e l o c i t y  d i s t r ib u t io n s ,  a fo ld in g  in  

t e c h n iq u e  c a n  b e  u s e d  to  co m p a re  t h e o r e t i c a l  and e x p e r im e n ta l  

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

Thus th e  Im p o rta n ce  o f  th e  t e c h n iq u e  d e s c r ib e d  in  th is  

t h e s i s  l i e s  in  i t s  a b i l i t y  to  o b s e r v e  s m a l l  and la r g e  a n g le  

s c a t t e r in g  and m e a s u r e  a b s o l u t e  c r o s s  s e c t i o n s .  In th e  

l i g h t  o f  F i t e ' s  ife m a r k s .  It i s  p o s s i b l e  th a t  th e  c r o s s  s e c t i o n
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a t  1 .0  e V o lt s  w h e r e  th e o r y  and  e x p e r im e n t  are  in  s u c h  g o o d  

a g r e e m e n t  c a n  b e  u s e d  a s  a  n o r m a liz a t io n  s ta n d a rd  for fu tu re  

s c a t t e r in g  e x p e r i m e n t s .
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A p p e n d ix  A

H a e f f  h a s  i n v e s t i g a t e d  s p a c e  c h a r g e  e f f e c t s  in  a  lo n g

m a g n e t i c a l l y  f o c u s e d  e l e c t r o n  b e a m  s i m i l a r  to  the on e  u s e d

h e r e ,  an d  h a s  d e r i v e d  e x p r e s s i o n s  r e l a t i n g  s p a c e  p o t e n t ia l  to

e l e c t r o n  c u r r e n t  d e n s i t y  f o r  on e  d i m e n s i o n a l  b e a m s .  S in c e  

(15)
C e lo t ta  h a s  s h o w n  that the p o t e n t ia l  in  the r e g i o n  o f  i n t e r e s t  

i s  d e t e r m i n e d  s o l e l y  by  the w a l l s ,  a s o lu t i o n  o f  P o i s s o n ’s  e q u a t io n  

in  1 d im e n s i o n  i s  s u f f i c i e n t .  A c r o s s  s e c t i o n  o f  the e l e c t r o n  b e a m  

g e n e r a l l y  i s  s h o w n  in  F ig u r e  4 6 .  T o  f in d  the p o t e n t ia l  a t  the c e n t e r  

fo r  a g iv e n  a p p l ie d  p o t e n t ia l  a t the w a l l s  x= ± b, P o i s s o n ' s  e q u a t io n  

i s  s o l v e d  in  the r e g i o n  0 <  |x  | < a an d  L a p l a c e ' s  e q u a t io n  in  the r e g io n  

a< |x  |< b. S o lu t io n s  a r e  m a t c h e d  at x = a . T he f o l l o w in g  tw o  e q u a t io n s  

a r e  th e n  e a s i l y  d e r iv e d :

9  I d   = ( d / t ) ( l - p ) ( l + Z p ) 2 ______________

6 4  I . J I 3 V b 1 * 5 £ l + 4 / 3 ( d / t - l ) ( l - p ) ( l + 2 p t 3 / 2  <A" U

vB
-  ( 1 + 4 / 3  ( d / t - 1) (1 -p )  (1 +2p) ) {A _2)

VA

w h e r e  V = p o t e n t ia l  at x » 0  
o

V _ - p o t e n t ia l  a t  x - ± bD

V * p o t e n t ia l  a t  x = ± a  
A

d * 2 b * 0 . 062"  

t » 2 a » 0 . 0 3 2 M
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1= to ta l  e l e c t r o n  c u r r e n t  
1 / 2

P- < V VA>
The N e w t o n -R a p h s o n  m e th o d  w a s  u s e d  to  f in d  the r o o t s  o f  ( A - l ) .  

V a lu e s  o f  p fo r  a g iv e n  c u r r e n t  I and a p p l ie d  p o te n t ia l  V g  w e r e  thus  

found . T h e s e  a r e  s u b s t i t u te d  in to  (A - 2 )  to y i e ld  v a lu e s  o f  V ^ . VQ i s  

then  o b ta in e d  fr o m  the d e f in i t io n  o f  p. T he c o m p u te r  p r o g r a m  p r in t s  

v a l u e s  o f  VQ v e r s u s  I f o r  a  g iv e n  p o te n t ia l  V g ,

It i s  e a s i l y  sh o w n  fr o m  P o i s s o n ' s  e q u a t io n  th at  

th e  p o te n t ia l  a t a n y  p o in t  w ith in  th e  e l e c t r o n  beam  i s  g iv e n  by

T h is  e q u a t io n  ca n  be s o lv e d  n u m e r ic a l ly  fo r  V x a s  a fu n c t io n  o f  x u s in g  

an i t e r a t iv e  tech n iq u e  w ith  the v a lu e  VQ c o m p u te d  a b o v e .  F o r  the c u r ­

r e n t s  u s e d  in the p r e s e n t  e x p e r i m e n t ,  the p o te n t ia l  at x = ± 0 .  002"

i s  d i f f e r e n t  fr o m  V by no m o r e  than 0. 01 V o lt .  S in c e  the a to m  b e a mo  J

h e ig h t  i s  0. 0 0 4 ” and i s  c e n t e r e d  a t x = 0, VQ c a n  th u s  be tak en  a s  the  

a v e r a g e  p o te n t ia l  o f  the e l e c t r o n s  t r a v e r s i n g  < the a to m  b e a m .

^ . V  l / 2 > 1 / 2 fV1 / 2 + 2V
(A - 3)

4 / 3  (V o oX

w h e r e  V = p o te n t ia l  at x 
x  - 1 / 2  

k = l 6tt (2e / m )

j= e l e c t r o n  c u r r e n t  d e n s i ty  in a m p e r e s / m 2
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