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INELAS TIC MOLECULAR s GATT ERING* 

by 

Roger W i l l i a m  Penstermaker 

(Under t h e  supemigion  of Profesqgr Riqhayd B. Bernsceiq) 

AB$TWCT 

A molecular bsam gtusly of t h e  chaqge i n  relative popvlqt ions of 

the, lower v i b r a t i o n a l  stqpes of CsF upon co+lis ior l  w i t $  GO2 is  r epor t ed ,  

Foeysed beams o f  CsF i n  speoif$ed V i b r a ~ i P n a l r r o t a ~ i p n a l  states yere 

prepared by meaqs ~f a previously developed moleaplqr beam electr4c 

resonance method employing m$crs-FJqve s W w l a t e d  emission combined with 

quadrupole electric focusing f i e l d s .  The r a t i o  05 popul$tioaa of t h e  

t w o  lOw'e5t vibrational states ( Lr = 1/ vi = 0) was measured f o r  one 

(J,M) = (1,O) r o t a t i o n a l  s tate of CsF, 

t h e  d i r e c t  (unattenuated) CsF bean and then f o r  t h e  CqF beam a t t e n u a t e d  

by t h e  s e a e t e r i n g  p a r t n e r .  

This  r a t i o  was determined $or 

The r e s u l t  was a small? but s t a t i s t i c a l l y  

*This research received f i n a n c i a l  support  from: q a t i o m l  Science 
Foundation Grant; OB-16665, and from Nationgl Aeyonautics and Space 
Admistration Grant NGL 50-002-001, 



ii 

s i g n i f i c a n t  increase (con t r a ry  t~ expectat ion)  i n  the U= l/ r= 0 

populat ion r a t i o  due t o  s c a t t e r i n g .  

t o  serve as evidence of i n e l a s t i c  s cak te r ing .  It is i n t e r p r e t e d  

assuming t h e  p o s s i b i l i t y  of both v i b r a t i o n a l  e x c i t a t i o n  and d e e y e i t a t i o n  

of t h e  CsF, b u t  w i th  kinematic f a c t q r s  enhancing d e t e c t i o n  of t h e  

e x c i t a t i o n  process.  

This obse rva t ion  i s  considered 

Also included are two previously published papers on c e r t a i n  

t h e o r e t i c a l  aepec t s  of i n e l a s t i c  s c a t t e r i n g ,  a p a r t  of the presen t  

t h e s i s  research.  I n  t h e  f i r s t ,  t h e  sudden apprpximatiop has been 

used t o  produce numerical  c a l c u l a t i o n s  of t h e  angular  d i s t r i b u t i o n s  

and energy dependence of r o t a t i o n a l  excit3tiot.l croas  s e c t i o n s  f o r  

diatomic molecules i n  c o l l i s i o n  with atoms. 

t h e  equivalence of t h e  Born approximatbn  and t$e f i r s t - o r d e r  t i m e -  

dependent p e r t u r b a t i o n  approximations f o r  quch sys t egs ,  and p r e s e n t s  

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

The second demopstrafes 
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1. INTRODUCTION 

"The t r o u b l e  wi th  chemistry is t h a t  it is  too d i f f i c u l t  f o r  chemists." 

A -  E i n s t e i n  , 

1 The above quo ta t ion  i n d i c a t e s  why t h e  molecular beam method 

s tudying molecular i n t e r a c t i o n s  i s  so  attractive; i t  separates out 

s i n g l e  pairwise i n t e r a c t i o n s  between molecules, i n t e r a c t i o n s  which 

of 

i n  p r i n c i p l e  are completely def ined by t h e  Schrudinger equat ion,  b u t  

which i n  p r a c t i c e  are g r e a t l y  obscured by t h e  gro& averaging proqedure 

of a bu lk  chemical r eac t ion .  This most evident  attractive f e a t u r e  gf 

moledklar beams i. e. t h e  production of s p a t i a l l y  i s o l a t e d  molecule@ 

i n  c l o s e l y  def ined v e l o c i t y  ranges,  'hbs been powerfully augmented i n  

r ecen t  y e a r s  by t h e  concurrent  a b i l i t y  t o  s p e c i f y  i n t e r n a l  quantuh 

states of t h e  beam molecules e In  p a r t i c u l a r ,  inhomogeneous e lectr ic  

f i e l d s  of var ioqs  mul t ipo la r  conf igu ra t ions  have been u t i l i z e d 2  t o  

s e p a r a t e  r o t a t i o n a l  states and s p a t i a l l y  o r i e n t  va r ious  simple p o l a r  

molecules by means of t h e  molecular e lec t r ic  S t a r k  e f f e c t .  

examplgs gre given below. 

1 

Two 

3 

1) The six-pole electric f i e l d  select? ranqps of r o t a t i o n a l  

states of symmetric top  molecules.4 The s e l e c t e d  molecyles can thgn 

be  o r i e n t e d  w i t h  r e s p e c t  t o  a laboratory-f ixed ayis , ' i ind experiments 

which measure t h e  reactive anisot;ropy of e .g . ,  CH31 o r  CF31 w i t h  a l k a l i  

atoms have been perf  armed 5 

2) The four-pole electric f i e l d  focuses p o l a r  diatomic 

molecules i n  r o t a t i o n a l  states of nega t ive  induced d ipo le  moment ( i * e . >  

molecules whose second-order S t a r k  energy inc reases  wi th  electric f i e l d )  2 
- 
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This  conf igura t ion  has  been used i n  experiments t h a t  measure t h e  

,anisotropy of t h e  in te rmolecular  p o t e n t i a l  f o r  T F-rare gas and CsF-rare 

gas p a i r s  . 6 It has been used i n  t h e  determinat ion of r o t a t i o n a l l y  

i n e l a s t i c  c ross  s e c t i o n s  f o r  s t a t e - se l ec tgd  TBF i n t e r a c t i n g  wi th  

var ious c o l l i s i o n  p a r t n e r s e 7  

molecular beam e l e c t r i c  resonance (MBER) spectroscopy. Recent ly ,  

It i s  used f o r  state enhancement i n  

fhe  MBER technique has  been combined wi th  microwave induced r o t a t i o n a l  

s t imula ted  emission t o  provide beams of "pure state" CsP use fu l  f o r  

s c a t t e r i n g  s tudies . '  The beams c o n s i s t  of CsF i n  eompletely s p e c i f i e d  

quantum states ( r o t a t i o n a l  and v i b r a t i o n a l ) .  A s i g n i f i c a n t  po r t ion  

of t h i s  t h e s i s  is concerned wi th  t h e  u t i l i z a t i o n  of t h i s  technique. 

The goa l  w a s  t o  observe a change dn t h e  relative populat ion of v i b r a t i o n a l  

states of CsF upon c o l l i s i o n  wi th  o t h e r  molecules. 

The t h e s i s  is  divided i n t o  s i x  p a r t s .  Sect ions T I - I V  descr ibe  

t h e  experimental  work, cons i s t ing  of measurements of changes i n  the  

r a t i o  of v i b r a t i o n a l  s ta te  populat ions i n  beams of s t a t e - se l ec t ed  CsF 

upon c o l l i s i o n  wi th  o ther  gas molecules,  as noted above. The r e s u l t s  

are discussed i n  terms of v i b r a t i o n a l  e x c i t a t i o n  and de-exci ta t ion.  

Sect ion V (with appendix) descr ibes  t h e  t h e o r e t i c a l  work, mainly on 

r o t a t i o n a l  e x c i t a t i o n , i . e . ,  c a l cu la t ions  u t i l i z i n g  t h e  sudden approxima- 

t i o n  t o  compute t h e  angular  and energy dependence of t h e  c ross  sec t ions  

f o r  r o t a t i o n a l  e x c i t a t i o n  of r o t a t i o n a l l y  s t a t e - s e l e c t e d  polar  diatomic 

plolecvles i n  c o l l i s i o n  wi th  atoms. 

experiments of Toennies Sec t ion  VI demonstrates t h e  equivalence 

The r e s u l t s  are appl ied t o  t h e  T 

between t h e  f i r s t - o r d e r  pe r tu rba t ion  l i m i t  of t h e  time-dependent treat- 
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ment and the  Born l i m i t  of t he  time-independent treatment for t he  

case of r o t a t i o n a l l y  i n e l a s t i c  c o l l i s i o n s  of diatomic molecules with 

atoms e 
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11. VIBRATIONAL STATE SELECTION OF CsP AND DESCRIPTION OF THE 

SCATTERING EXPERIMENT 

A. General d i scuss ion  of focusing 

The focusing of po la r  molecules i s  made poss ib l e  by t h e  molecular 

electric S ta rk  e f f e c t ,  which y i e l d s  a n e t  f o r c e  on a. n e u t r a l  p o l a r  

molecule placed i n  an inhomogeneous e l e c t r i c  f i e l d  

(e .g . ,  diatomic) molecule i n  a 

3. For a l i n e a r  

I state, t h e  S t a r k  energy i s  given by: 

1=0,2,q; 1). 

where Wo 

f i e l d .  

is t h e  molecular energy i n  the  absence of an e l e c t r i c  

(For l i n e a r  molecules wi th  no component of angular  momentum 

along t h e  

vanish ) 

molecular axis, the  odd orders  i n  t h e  pe r tu rba t ion  expansion 

The lowest-order field-dependent energy then i s  11 

P o  
where and I are t h e  permanent molecular electric d ipo le  

moment and moment of i n e r t i a  r e spec t ive ly ,  E i s  t h e  magnitude of 

t he  e l e c t r i c  f i e l d ,  and f 2 ( J , M )  is given by 

I 
6 

- -  

( f o r  J , M  # 0,O) 

( f o r  J , M  = 0,O) 

I n  an inhomogeneous f i e l d  s u f f i c i e n t l y  weak t h a t  W 
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t h e  molecules experience t h e  following fo rce :  

where 

Now consider  t h e  behavior of these molecules i n  a four-pole f i e l d  

wi th  rods of hype rbo l i c  c ros s  s e c t i o n  (usua l ly  approximated as c i r o u l a r )  , 

ad jacen t  rods carrying alternate v o l t a g e s  of .+v 0 o r  -K . See sketch:  

Y 
a 

The p o t e n t i a l  f o r  t h i s  f i e l d  is  v(U,y) = v, (y2-x2) and 
Ra 
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Then 

where m is t h e  molecular mass and r ( t )  is  t h e  time-dependent off-axis  

displacement.  Note t h a t  Eq .  (10) is of t h e  form 

i . e . ,  t h e  s o l u t i o n s  w i l l  be e i t h e r  exponent ia l  of s i n u s o i d a l  i n  r ,  

depending upon t h e  s i g n  of bp f p ( J , M ) ) .  

I n  p a r t i c u l a r ,  molecules with which a r e  in j ec t ed ,  e .  g . , 
from a molecular beam source  i n t o  t h e  f i e l d  with a x i a l  ve loc i ty ,>  

r a d i a l  v e l o c i t y  w i l l  excecute s imple  harmonic motion with r e spec t  to 

phe a x i s .  I f  one assumes a s i n g l e  v e l o c i t y  \I ( f o r  example, by 

t h e  use  of a mechanical v e l o c i t y  s e l e c t o r ) ,  then molecules e f fus ing  

i n t o  t h e  f i e l d  from a small o r i f i c e  on t h e  axis w i l l  be  brought back 

(here ,  upon t h e  s i g n  of 

f (J ,M) 4 0 2 
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i n t o  focus on t h e  a x i s  at a d i s t a n c e  L(=L(J,M), t h a t  is, a d i f f e r e n t  

d i s t a n c e  f o r  each J , M  s t a t e )  given by 

This is  i l l u s t r a t e d  i n  t h e  sketch below. Note t h a t  a beam s t o p  

much wider  than e i t h e r  t h e  source o r  d e t e c t o r  i s  employed t o  e l i m i n a t e  

t h e  d i r e c t  (unfocused) beam which contains  a l l  o t h e r  (unwanted) 

r o t a t i o n a l  states. 

(VERTICAL SCALE EXACGEUTED WITH 

RESPECT TO THE HORIZONTAL SOALE) 

Note a l s o ,  t h a t  i f  one hold L f i x e d  and varies (o r  V ), each 

i n d i v i d u a l  r o t a t i o n a l  s ta te  i w i l l  b e  brought i n t o  focus at t h e  de- 

t e c t o r  when Eq. 12 is  satisfied for  f2(Ji,Mi). 
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Ba V i b r a t i o n a l  state s e l e c t i o n  

1. Method of s e l e c t i o n  of v i b r a t i o n a l  states 

This s e c t i o n  is l a r g e l y  a r e d e s c r i p t i o n  of t h e  v i b r a t i o n a l  

state s e l e c t i o n  method ( t h e  "negat ive beam" o r  flop-out technique) 

from t h e  Ph,D t h e s i s  of T.  G. Waech.' 

author  were i n  fact  c a r r i e d  out on t h e  same apparatus  as t h a t  used 

by Waech. 

reactive asymmetry experiments u t i l i z i n g  a hexapolar e lec t r ic  f i e l d ,  

as noted earlier," af ter  which i t  w a s  r e f i t t e d  wi th  t h e  four-pole 

f i e l d  and microwave f a c i l i t i e s  f o r  t h e  v i b r a t i o n a l  state s e l e c t i o n ,  

t o  be  descr ibed below. 

The experinents  of t h e  p re sen t  

This apparatus  had a l s o  been used previously i n  some of t h e  

' U t i l i z i n g  t h e  r e s u l t s  of t h e  previous s e c t i o n ,  one may consider  a 

mechanically chopped ( i .e . ,  modulated off-and-on a t  25 Hz) beam of 

ve loc i ty - se l ec t ed  p o l a r  diatomic molecules ( e , g , ,  CsF) f o r  which t h e  

rod v o l t a g e  % on t h e  A-and B-fields cause t h e  states ( J , M )  = (1,o) 

t o  b e  focused a t  t h e  d e t e c t o r ,  a h o t  tungsten w i r e ,  which produces by 

s u r f a c e  i o n i z a t i o n  Cs' ions t h a t  are mul t ip l i ed  and de tec t ed  by a 

phase s e n s i t i v e  d e t e c t o r  (PSD) : See sketch:  

.I 
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This apparatus  is similar t o  a t y p i c a l  MBER design,8" except t h a t  

t h e r e  is  only a s i n g l e  o b s t a c l e ,  and t h e  A- and B-fields each d e f l e c t  

t h e  p a r t i c l e s  through a quarter-wavelength, r a t h e r  than t h e  u s u a l  

h a l f  wavelength. The s i g n a l  I/ recorded by the d e t e c t o r  w i l l  con- 
i 

sist of t h e  d e s i r e d  component ( J , M ) = = ( l , O )  (which inc ludes  a l l  vi- 

b r a t i o n a l  quantum numbers, u- ) as w e l l  as an unwanted component due 

t o  s c a t t e r i n g  of t h e  CsP around t h e  beam s t o p  by residual.  background 

molecules i n  t h e  vacuum chamber, and perhaps s u r f a c e  s c a t t e r i n g  of t h e  

CsF by t h e  f i e l d  rods,  etc. The unwanted component can obviously 

have any va lue  of (VJM). I n  p r i n c i p l e ,  one can reduce t h i s  unwanted 

component with b e t t e r  vacuum and by s u i t a b l e  co l l ima t ion ,  t r app ing ,  

etc., t o  avoid s u r f a c e  s c a t t e r i n g .  

I f  one now in t roduces  a crossed beam of microwave r a d i a t i o n  of 
& 

frequency .1, i n t o  t h e  C-field region t o  s t i m u l a t e  t h e  t r a n s i t i o n  

* 
A t  t h i s  p o i n t ,  t h e  d e f i n i t i o n  of f o u r  dffferent .symbo1s i s  re- 
emphasized : 

v = v e l o c i t y  of p a r t i c l e s  (em sec - l )  
% =  v o l t a g e  on quadrupole f i e l d  rods ( v o l t s  o r  KV) 
w = v i b r a t i o n a l  quantum number 
Y = frequency of microwave r a d i a t i o n  (Hz). 

( V  l o )  * (WOO), one observes a n e t  decrease ("flop out") i n  s i g n a l  

a t  t h e  d e t e c t o r  due t o  t h e  fact t h a t  t h e  newly formed (WOO) molecules 

have f,(Oi,O) = 4- -g- (Le.,=. 0 ) ,  and are l o s t  from t h e  beam as they t a k e  

diverging exponent ia l  t r a j e c t o r i e s  ( s e e  previous s k e t c h ) .  Since 

t h i s  r o t a t i o n a l  t r a n s i t i o n  frequency 2, depends on t h e  v i b r a t i o n a l  

I 
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state  ( t o  a good approximation l1 2) =.2c 

where c is t h e  speed of l i g h t ,  Be and O( are 5.527265 GHz and 

35.247 MHz r e s p e c t i v e l y ,  f o r  CsF12 a ) , then a scan of t h e  microwave 

spectrum i n  t h i s  r eg ion  w i l l  r e s u l t  i n  "knocking out" success ive ly  

up t o  50% of t h e  molecules i n  states with ( J , M )  e ( 1 , O )  and iJ = O,1,2.,. 

( see  sketch following) : 

I f  one now square-wave-modulates the microwaves off-and-on a t  a 

low frequency, e.g.  

s e n s i t i v e  d e t e c t o r  (PSD), t h e  constant  1' w i l l  n o t  be  seen; only t h e  

"loss" s i g n a l ,  i . e , ,  t h e  ( W l o )  which is transformed t o  ( W- 00) and 

25% and again d e t e c t s  t h e  beam w i t h  a phase 
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is de f l ec t ed  from t h e  beam w i l l  produce an AC s i g n a l  ou t  of Phase 

wi th  t h e  reference. 

as a p o s i t i v e  trace wi th  a zero b a s e l i n e .  (See Figs .  l and 2 f o r  a 

t r a c i n g  of some t y p i c a l  d a t a  from the reco rde r  cha r t ;  t h e s e  are 

similar t o  Fig. 2 of R e f .  9a and Fig.  IT1 D. 1 of Ref. 9b.) This  

modulated microwave molecular beam s i g n a l  w i l l  h e r e a f t e r  b e  r e f e r r e d  

t o  as t h e  MMMB s i g n a l .  

I f  t h e  phase of the signal. i s  inve r t ed ,  it appears 

The ze ro  b a s e l i n e  ( i .e . ,  t h e  f a c t  t h a t  t h e  minimum between r e sa lved  

peaks corresponds t o  t h e  e l e c t r o n i c  "beam o f f "  ze ro  of t h e  PSD) implie6 

t h a t  t h e r e  is  no overlap between adjacent  ( V l O )  s t a t e s  i n  t h e  W 

frequency spectrum I (a). 

s i g n a l  ( U ' l O )  as 1 u- JO> 

mechanical k e t s  More important ly ,  t h e  v I O >  i n t e n s i t y  is  

p ropor t iona l  to t h e  f l u x  of CsF i n  t h e  designated state, and provides 

a d i r e c t  measure of t h e  r e l a t i v e ~ n u m b e r s  of molacules i n  vibrat ional .  

s ta te  V 

It then becomes v a l i d  t o  i d e n t i f y  t h e  

, $.e., a beam of "pure-state" quaritum- 

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

s e l e c t o r  w a s  no t  needed f o r  t h e  MMMB frequency scans.  

served t h e  dua l  purpose of cue t i ag  down on t h e  gross  amount of un- 

O r i g i n a l l y ,  it 

wanted s i g n a l  due t o  s c a t t e r i n g  around t h e  beam s t o p  and unwanted 

s i g n a l  from o t h e r  r o t a t i o n a l  states whose 

allowed them ( f o r  a given yo 
along w i t h  ( 

when t h e  microwaves are modulated. 

f 2  ( J , M )  and v e l o c i t y  

on t h e  rods)  t o  reach t h e  d e t e c t o r  

lo); both of t h e s e  sources  no longer  c o n t r i b u t e  

9 
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2, Factors  a f f e c t i n g  peak shapes 

A t  least t h r e e  f a c t o r s  in f luence  t h e  shape of t h e  peaks i n  t h e  

spectrum" ( i . e .  t h e  p l o t  of I($ > , t h e  var ious  I LT lo} i n t e n s i t i e s  11 

as a func t ion  of t h e  frequency 2)  

These f a c t o r s  are: a> t h e  amount of r e f l e c t i o n s  of t h e  microwaves 

wi th in  t h e  t ransmission system, b) t h e  microwave power level, and 

c) t h e  e l e c t r i c  f i e l d  i n  t h e  C-field t r a n s i t i o n  region.  

of t h e  microwave r a d i a t i o n ) .  

Factors  a> and b) above are c lose ly  r e l a t e d .  It is  observed ex- 

perimental ly  t h a t  only d I WI ur/ 

t h e  t r a n s i t i o n s ,  bu t  t h i s  r e s u l t s  i n  l i n e s  t h a t  are badly broadened, 

o f t en  s o  much s o  t h a t  they overlap.  En o the r  words, although t h e  

n a t u r a l  l inewidth should be considerably less than 0.5 MHz,13 high 

power and/or r e f l e c t i o n s  can produce l i n e s  of width P 70 MHz. 

(See Pig.  3 f o r  a r e p r e s e n t a t i v e  curve t r a c i n g  i l l u s t r a t i n g  t h i s  

e f f e c t .  ) 

of microwave power i s  seeded t o  s a t u r a t e  

--& 

It w a s  noted i n  t h e  present  work t h a t  a s i g n i f i c a n t  amount of 

a t t enua t ion  (230 dB) 

t o  reduce t h e  l inewidth  t o  % E MHz; 

a t t enua t ion  apparent ly  w a s  due t o  r e f l e c t i o n s  back i n t o  t h e  k l y s t r o n  

and frequency s h i f t s  i n  t h e  k lys t ron .  

microwave source of s u f f i c i e n t  power c a p a b i l i t y  such t h a t  i t  could be  

had t o  b e  introduced i n t o  t h e  waveguide i n  order  

The broadening a t  lower 

It w a s  thus  necessary t o  have a 

a t t enua ted  by 30 &and  s t i l l  d e l i v e r  enough power ( 3  150-300 P w )  

i n t o  t h e  region of t h e  molecular beam (C-field) e 

With r e spec t  t o  t h e  e l e c t r i c  f i e l d  i n  t h e  t r a n s i t i o n  reg ion ,  Waech 

showed" t h a t  a v a r i a t i o n  from 0 t o  = 100 V/cm w i l l  y i e l d  a l i n e -  
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width of order  12 MRz. 

t h a t  t h e  f i e l d  must vary  only from 0 t o  about 20 V / m .  

To reduce t h i s  wid th  t o  2 0.5 MHz means 

To ob ta in  

t h i s  homogeneity, i t  is necessary e i t h e r  t o  move t h e  t r a n s i t i o n  region 

s e v e r a l  cm. away from t h e  ends of t h e  A-field rods (not  poss ib l e  with 

t h e  present  experimental  apparatus)  o r  t o  provide electkical i s o l a t i o n  

(e .g . ,  a grounded conducting shfta3.d’) between t h e  f i e l d  rods and the  

t r a n s i t i o n  region. This  latter method w a s  t h e  one a c t u a l l y  used 

’ ( see  Sect ion I11 A ) .  

3 .  Hyperfine s t r u c t u r e  

One o the r  f a c t o r  t h a t  a f f e c t s  t h e  peak shapes i s  the hyper f ine  

s t r u c t u r e  of t h e  r o t a t i o n a l  t r a n s i t i o n .  The last  seri@s of experiments,  

with l i n e s  marrowed t o s l  MHz showed a small, r e g u l a r l y  occurr ing 

f e a t u r e  on t h e  low-frequency s i d e  of each IvlO>peak. 

seen i n  Figs .  1 and 2, where t h e  arrows p o i n t . t o  t h e  p a r t i a l l y  resolved 

This  can be 

s t ructure .  The separa t fon  of the two peak p o s i t i o n s  iss300 KHz, 

corresponding f a i r l y  c lose ly  t o  t h e  s p l i t t i n g s  observed by English and 

Zorn?’ for t h e  zero- f ie ld  hyperf ine levels of 133Cs19F. See t h e  

following ske tch ,  which i s  a reproduct ion of Fig.  1 of Ref. 15: 

I 



1 4  

Complete r e s o l u t i o n  of a l l  t h e s e  states i s  n o t  poss ib l e  (nor 

n e c e s s a r i l y  des i r ab le )  wi th  t h e  apparatus  i n  its present  condi t ion.  

To achieve complete sepa ra t ion ,  b e t t e r  frequency s t a b i l i t y  and lower 

DC e l e c t r i c  f i e l d s  i n  t h e  t r a n s i t i o n  reg ion  are requir,ed. Engl ish 

and Zorn15 used an appl ied  DC f i e l d  of 1.5 V/cm i n  order  t o  observe 

t r a n s i t i o n s  among t h e  P-s ta tes  of t h e  J=l level; t h i s  compares wi th  

a range of a0-50 V/cm est imated for t h e  present  experimental  arrangement. 

I n  s p i t e  of t h i s  l i m i t a t i o n  on r e s o l u t i o n  of t h e  hyper f ine  levels, 

t h e  p a r t i a l  d i scr imina t ion  ( i . e . ,  between t h e  PI e 7/2  and t h e  

unresolved F1 9/2, 512 l e v e l s )  is a good measure of t h e  c a p a b i l i t y  

of t h e  apparatus  i n  i t s  present  form, and sugges ts  t h a t  a complete 

r e s o l u t i o n  could be  achieved (with only modest experimental  ref inements)  

i f  des i red .  
I 

I 
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C. Descr ip t ion  of s c a t t e r i n g  experiment 

1. Background 

Once a method exists t h a t  g ives  an accu ra t e  r a t i o  of populat ions 

of c e r t a i n  quantum mechanical states (such as t h a t  descr ibed i n  

Sec t ion  I I B ) ,  i t  is  n a t u r a l  t o  consider  an experiment t h a t  might 

change those  populat ions.  Allowing t h e  given ensemble of states t o  

i n t e r a c t  with o the r  molecules i s  such an experiment, one which gives  

information about t h e  i n e l a s t i c  processes  of chemical and phys ica l  

i n t e r e s t  occurr ing during c o l l i s i o n s .  

beams of molecules which d i f f e r  only by being i n  d i f f e r e n t  v i b r a t i o n a l  

s t a t e s ,  and t h e  c o l l i s i o n  experiment chosen i s  one which involves 

i n e l a s t i c  v i b r a t i o n a l  s c a t t e r i n g  

The p resen t  work involves  

I n e l a s t i c  v i b r a t i o n a l  c o l l i s i o n s  have been observed previous ly  

i n  beam experiments by s e v e r a l  workers i n  t h e  ion-molecule f i e l d .  

. DitCn,er and D a t z 1 6  have measured t h e  energy l o s s  (due t o  v i b r a t i o n a l  
. .  

-(. i n e l a s b i c i t y )  of Na' ions  and of n e u t r a l  N a  atoms scattered from 

H (and D ) i n  t h e  r e l a t i v e  k i n e t i c  energy range 3-29 ev, and similar 2 2 

energy lo s ses  f o r  K+ ions  and n e u t r a l  K atoms scattered from D2 

i n  t h e  r e l a t i v e  k i n e t i c  energy range 10-32 ev. Toennies and co-workers 
+ have performed similar experiments f o r  L i  4- H2 (and D2) ,17 with  

s u f f i c i e n t  r e s o l u t i o n  t o  "separate" t h e  L i  

var ious  f i n a l  v i b r a t i o n a l  s t a t e s  of H2 (or D,), 17a Mahan and co-workers 

f i ons  corresponding t o  

18 

have observed v i b r a t i o n a l l y  i n e l a s t i c  c o l l i s i o n s  i n  t h e  large-angle 

s c a t t e r i n g  of N by H e ,  although t h e i r  r e s o l u t i o n  w a s  not  s u f f i c i e n t  

t o  s e p a r a t e  i n d i v i d u a l  states 

+ 
2 

Moore and Doering l9 s tud ied  t h e  c o l l i s i o n  
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of 100-600 ev. protons w i t h  H2 (and D2) and w i t h  N 2 )  and have resolved 

processes  corresponding t o  t h e  e x c i t a t i o n  of t h e  first f o u r  e x c i t e d  

v i b r a t i o n a l  levels i n  H 

i n  N2. Recently,  Cosby and Moran have published angular  d i s t r i b u t i o n s  

of t h e  v i b r a t i o n a l l y  i n e l a s t i c  t r a n s i t i o n  p r o b a b i l i t i e s  f o r  t h e  process 

(D2) and t h e  first e x c i t e d  v i b r a t i o n a l  level 2 
20 

+ (v) 4- Ar+=O; (v'> 4- A r  0 2  . 

1 
with17=0 andW= 0,  1, 2,  ...) 13, and energy d i s t r i b u t i o n s  f o r  t h e  

Us 0 + V I =  1, 2,  3 process i n  0' 4- O2 (X3E,) 

pre t ed  i n  terms of a semiclassical model. 

The r e s u l t s  are i n t e r -  

Non-beam methods of determining v i b r a t i o n a l  t r a n s i t i o n  rates 

o f t e n  involve t h e  e x c i t a t i o n  of a s p e c i f i c  v i b r a t i o n a l  level i n  a 

gas sample by means of monochromatic r a d i a t i o n .  The decay of t h e  

populat ion of t h i s  e x c i t e d  state i s  then monitored by t h e  i n t e n s i t y  

e€ i&s f luorescence spectrum o r  by t h e  rate a t  which t h e  molecules 

cease t o  absorb t h e  e x c i t i n g  r a d i a t i o n ,  both methods giving information 

about c o l l i s i o n  processes  which depopulate t h e  exc i t ed  state. 

t h i s  type of  experiment has  been given impetus by t h e  devqlopment of 

2 1  Recently,  

lasers which serve as t h e  r equ i r ed  i n t e n s e  source of monochromatic 
22 

r a d i a t i o n .  

The s c a t t e r i n g  experiment i n  t h e  p re sen t  work attm$ts t o  

measure changes i n  t h e  relative state populat ion r a t i o s  qf t h e  

r o t a t i o n a l - v i b r a t i o n a l  s t a t e - s e l e c t e d  beams o f  CsF upon a t t e n u a t i o n  by 

s c a t t e r i n g  due t o  a second (crossed)  beam of molecules o r  a s c a t t e r i n g  

gas. Because o f  t h e  d i f f i c u l t y  i n  sepa ra t ing  e las t ic  from i n e l a s t i c  

events  ( i e e m ,  molecules reaching t h e  d e t e c t o r  don ' t  c a r r y  t a g s  



i d e n t i f y i n g  t h e  process  by which they g o t  t h e r e ) ,  one cannot e a s i l y  

determine how much of t h e  a t t e n u a t i o n  is due t o  elastic s c a t t e r i n g  

and how much (if any) is due t o  i n e l a s t i c  s c a t t e r i n g  processes .  

Nevertheless ,  a change i n  t h e  r a t i o s  of t h e  populat ions of t h e  1.. 10) 

states ( i n  p a r t i c u l a r  t h e  r a t i o  1 1  O>/ 1 0 IO). 

s c a t t e r i n g  process  t h a t  is different .  f o r  t h e  d i f f e r e n t  states under 

is necessari3.y caused by some 

considerat ion.  This  r a t i o  change is t h e  measured experimental  q u a n t i t y ,  

t o  be  descr ibed below. 

2. The p resen t  experiment 

The p resen t  s c a t t e r i n g  experiment c o n s i s t s  of r e p e t i t i v e  measurements 

of t h e  "peak he igh t s "  i n  t h e  frequency scans 'E ( u  ) (see Sec t ion  I L B  

and F i g s ,  1 and 2) f o r  two s e l e c t e d  quantum states IVJM} (= I O l O )  and 

Illo)) f o r  a MMMB of CsF. 

]110>/(010> f o r  t h e  v i b r a t i o n a l  states i n  t h e  beam. 

This e s t a b l i s h e s  t h e  populat ion r a t i o  

This ratio should,  

i n  p r i n c i p l e ,  b e  def ined by t h e  temperature of t h e  beam oven i f  one 

assumes t h a t  t h e  CsF w a s  i n  thermal equi l ibr ium wi th  t h e  oven as i t  

w a s  emit ted.  Then 

(Hereaf ter ,  t h i s  r a t i o  of populat ions w i l l  b e  abbreviated 'E, /I,.) 

Moran and Tr i schka23 have v e r i f i e d  t h a t  t h e  r a t i o  of populat ions of 

v i b r a t i o n a l  states given by Eq. 1 3  i s ,  i n  f a c t ,  s a t i s f i e d  f o r  beams 

of Lip and LicP. 

The va lue  of  t h i s  r a t i o  1, /Io €or t h e  d i r e c t  CsP beam i s  t o  b e  

compared with i t s  va lue  af ter  t h e  CsF beam has been a t t e n u a t e d  by a 
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2 "  a secondary crossed beam (o r  a s c a t t e r i n g  g a s ) ,  t y p i c a l l y  CO 

A s  i n  Ref. 23, t h e  peak he igh t s  were chosen as t h e  monitor of t he  

v i b r a t i o n a l  populat ions i n  order  t o  f a c i l i t a t e  a r ap id  r e p l i c a t i o n  of 

t h e  microwave 

i n  an at tempt  

- - - - - - -  
* 

frequency scans (both wi th  and without  s c a t t e r i n g  g a s ) ,  

t o  minimize t h e  e f f e c t s  of long term d r i f t s ,  
Je 

- 3 -  

As an a l t e r n a t i v e ,  t h e  area under t h e  curve I@) f o r  a given 

t r a n s i t i o n  might be  a more c o r r e c t  quan t i ty  t o  measure, b u t  two 

f a c t o r s  make t h i s  imprac t i ca l  wi th  t h e  present  apparatus ,  F i r s t ,  t h e  

no i se  l e v e l  i n  t h e  po r t ion  of t h e  curve which i s  Stark-sh i f ted  t o  

h igher  f requencies  than t h a t  of t h e  zero- f ie ld  t r a n s i t i o n  in t roduces  

a l a r g e  unce r t a in ty  i n t o  what is  only a small p o r t i o n  of t h e  t o t a l  

i n t eg ra t ed  1 VlO) i n t e n s i t y .  

more troublesome, s i n c e  t h e  complete frequency scan takes  3-10 times 

as long, 

Second, long-term d r i f t  would be much 

- - - - - - - - - -  
Even i f  some sys temat ic  e r r o r  exis ts  which would produce a r a t i o  

I1/Io f o r  t h e  unat tenuated beam t h a t  does e s a t i s f y  Eq. 13  (and t h i s  

is ev ident ly  t h e  case; see Sec t ion  EV B ) ,  t h e  experiment is designed 

s o  as t o  compensate €or such an e r r o r .  The measurement of t h e  I1/Io 

r a t i o  i s  done i d e n t i c a l l y  i n  a l l  cases  on a given day, t h e  only 

d i f f e rence  being t h e  presence o r  absence of t h e  secondary beam (o r  

gas ) .  Any sys temat ic  e r r o r s  should be present  i n  both cases ;  any 

change i n  t h e  r a t i o  I1/Zo can be due only t o  a s c a t t e r i n g  process  

which is  d i f f e r e n t  f o r  t h e  U - d  s tate than  f o r  t he  V 30 state. 
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One such process  i s  v i b r a t i o n a l l y  i n e l a s t i c  s c a t t e r i n g ,  which t h e  

p re sen t  experiment i s  intended t o  observe,  

The experimental  procedure i s  as follows: t h e  CsP MMMB 

is  tuned up, u s u a l l y  on t h e  state 

i n t e n s i t y  ( f o r  a given oven temperature) on t h e  FSD. Then, following 

t h e  method t o  b e  descr ibed i n  Sec t ion  IIZC. 3, t h e  h e i g h t s  of t h e  

lOl0) and 1110) peaks are recorded by sweeping t h e  microwave 

lolo}, t o  o b t a i n  a maximum 

frequency slowly through each t r a n s i t i o n  maximum, and r a p i d l y  

between maxima. A s  quickly as p o s s i b l e ,  one then ob ta ins  i n t e n s i t i e s  

corresponding t o f = O , V "  "1, U+ = = O , r = = l ,  ... V = 0 .  

such a set of measurements, t y p i c a l l y  4 peaks of V= 0 and 3 peaks 

The d a t a  from 

of r=l. are de f ined  as a "cluster" .  "After  one ' ' c luster ,"  t h e  system 

i s  aga in  tuned up on t h e  I r - 0  peak maximum and s c a t t e r i n g  gas i s  

admitted t o  t h e  crossed beam apparatus  u n t i l  t h e  L7-0 peak i s  

a t t enua ted  by 20-35%.. (For a t t e n u a t i o n  magnitudes, see Table 1 . )  

The procedure of scanning t h e  r = O  and Y ' = l  peaks is  then begun 

again,  and d a t a  are taken with t h e  a t t e n u a t e d  CsPbeam, t o  determine 

another  "cluster" .  The s c a t t e r i n g  gas is  pumped ou t  and another  

c l u s t e r  i s  measured. S c a t t e r i n g  gas is  then readmitted f o r  de t e r -  

mination of  a f o u r t h  cluster.  This process  is  continued u n t i l  

enough d a t a  has been taken, o r  un t i l .  something breaks down. 

One important experimental  requirement t h a t  must always be  

f u l f i l l e d  i n  o r d e r  t h a t  t h e  f ina l .  d a t a  accu ra t e ly  r e f l e c t  t h e  beam 

i n t e n s i t y  received a t  t h e  d e t e c t &  (see Seckian I L I A  f o r  a d e s c r i p t i o n  

of t h e  d e t e c t o r )  is  t h a t  t he  e l e c t r o n  m u l t i p l i e r  b e  operated i n  a 
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TABLE L 

Summary of percentage a t t e n u a t i o n s  

Method of Attenuat ing % A t t p u a t i o n  
Dace Attenuation Gas Clustex # (2% 2%) 

Jan. 24 

Jan. 24  

Feb. 16 

Feb. 16 

Max. 20 

Mar. 20 

Max. 20 

Mar. 20 

Mar. 20 

Mar. 1 

Mar. 1 

S c a t t e r i n g  Gas 

S c a t t e r i n g  Gas 

S c a t t e r i n g  Gas 

S c a t t e r i n g  Gas 

S c a t t e r i n g  G a s  

Crossed Beam 

Crossed Beam 

Crossed Beam 

Crossed Beam 

Crossed Beam 

Crossed Beam 

c02 

c02 

c02 

co2 

co2 

co2 

c02 

c02 

2 

TrichlorJc 

Argon 

1 

2 

3 

4 

5 

6 

7 

8 

9 

** 
** 

24 

28 

28 

35 

30 

29 

24 

29 

23 

34 

32 

* l , l , l - t r i c h l o r o e t h a n e  

**i Not numbered 
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l i n e a r  mode (constant  ga in ) .  To a lesser e x t e n t ,  t h i s  problem of 

maintaining l i n e a r i t y  e x i s t s  f o r  - a l l  t h e  elements i n  t h e  d e t e c t o r  

c i r c u i t r y :  t h e  PSD and t h e  c h a r t  r eco rde r  must ope ra t e  i n  a l i n e a r  

f a sh ion ,  and t h e  elements of t h e  i o n  lenses i n  t h e  d e t e c t o r  assembly 

must b e  maintained a t  constant  vo l t ages  ( see  Sec t ion  I I I A ) .  The 

m u l t i p l i e r ,  however, i s  d i f f e r e n t  i n  t h a t  i t  e x h i b i t s  a sys t ema t i c  

n o n l i n e a r i t y  that grows worse as the signal. magnitude inc reases .  

This n o n l i n e a r i t y  i s  r e l a t i v e l y  easy t o  avoid i n  p r a c t i c e ;  one 

need only no t  "overload" i t  by e x t r a c t i n g  t o o  l a r g e  a cuyrent from 

i ts  ~ u t p u t .  

f o r  a r e l a t e d  p i e c e  of d a t a  which i n d i c a t e s  t h a t  t h i s  non l inea r  

e f f e c t  w a s  abGent i n  t h e  p re sen t  experiments, see Sect ion IID.2. 

For a d i scuss ion  of t h i s  p a i n t ,  see Sec t ion  TIIE. Also,  
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D. Experimental problems 

Seve ra l  troublesome experimental  problems are discussed below. 

Each of t h e s e  w a s  annoying, b u t  no t  p a r t i c u l a r l y  se r ious .  

they are much easier t o  desc r ibe  than  t o  e x p l a i n  and/or overcome. 

Unfortunately,  

1. LOSS of d e t e c t o r  a c t i v a t i o n  

The 0.25 mm tungsten wire which served as a s u r f a c e  i o n i z a t i o n  

d e t e c t o r  (see Sect ion IIIA) w a s  normally a h o s t  100% e f f i c i e n t  i n  

forming Cs' ions from t h e  6sF t h a t  s t r u c k  it .  It w a s  operated at  a 

moderate r ed  glow, by means of a f i lament  cu r ren t  of 3.5-3.6 amp. Th i s  

cu r ren t  ( temperature) o f f e red  t h e  b e s t  compromise between excessive n o i s e  

a t  t h e  h igh  extreme ( i . e a ,  cu r ren t  93.8 amp) due t o  emission of l a r g e  

adounts of a l k a l i  i o n s  t h a t  are normafly embedded i n  t h e  tungsten 

c r y s t a l l h e  m a t r i x ,  and a t  t h e  o t h e r  extreme, l o s s  of AC s i g n a l  due t o  

t h e  too-long pre- ionizat ion r e s idence  times ( 10 msec) of t h e  Cs atoms 

on t h e  w i r e  a t  c u r r e n t  levels 2 3.0 amp. 

It w a s  found t h a t  a f t e r  about one hour of ope ra t ion  at 3.5 amp, t h e  

s i g n a l  began t o  d e c l i n e  r a t h e r  r a p i d l y ;  t h i s  was due t o  l o s s  of d e t e c t o r  

e f f i c i e n c y ,  r a t h e r  t han  t o  a c t u a l  decrease i n  beam i n t e n s i t y .  The 

d e t e c t o r  e f f i c i e n c y  could b e  r e s t o r e d  by passing a cu r ren t  of e 4 . 1  amp. 

through t h e  wire and simultaneously adding l i q u i d  n i t rogen  t o  t h e  cap 

surrounding t h e  d e t e c t o r  (see Fig,  4 )  assembly f o r  a few minutes. Upon 

reducing t h e  d e t e c t o r  c u r r e n t  t o  i t s  base v a l u e  of 

then d e t e c t  a t  100% e f f i c i e n c y  again.  

amp, i t  would 

The reason f o r  t h i s  s i g n a l  d e c l i n e  is no t  understoood; t h e  most 

l i k e l y  explanat ion is  t h a t  t h e  work func t ion  of the wire has  been 
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decreased by t h e  "poisoning" e f f e c t  noted 'by Touw and TrischkaZ4. 

substance most l i k e l y  t o  b e  r e spons ib l e  f o r  t h i s  is t h e  hydrocarbon d i f -  

fu s ion  pump o i l ,  bu t  t h i s  i s  somewhat unexpected, as t h e  l i q u i d  n i t rogen  

b a f f l e s  between t h e  d i f f u s i o n  pumps and t h e  molecular beam chamber 

should have minimized backstreaming of t h i s  type  (see Section LEIA f o r  

The 

cha rac re r i aa t ion  of t h e  vacuum system). 

2. Asymmetric vo l t ages  on focusing f i e l d  rods 

The focusing of r o t a t i o n a l  states of po la r  diatomic molecules i n  

an i d e a l  four-pole f i e l d  assembly depends only on t h e  d i f f e r e n c e  vo l t age  

AVon adjacent  f i e l d  rods. 

= 2 %  , i.e., t h e  

I n  Sec t ion  ITA,  bV was gfvbrx by dv=x-(-v<) 
ni tude  of t h e  vo l t age  was t h e  Sam@ on a11 rods ,  

This  need n e t  be  and t h e  system was symmetric with respect t o  ground. 

t h e  case ,  and i n  f a c t  t h e  l a r g e s t  MMMB lv3. 

is  obtained wi th  an asymmetric vo l t age  on t h e  rods: 

g ignol  ( i . e .  , peak i n t e n s i t y )  

i- v 

V' (vol tages  wi th  

r e spec t  t o  ground) 

Unfortunately,  t h i s  asymmetric rod vo l t age  produces s t ronge r  

"end e f f e c t s , "  i .e. ,  l a r g e r  s t r a y  electric f i e l d s  in t h e  C-field 
I ,  
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t r a n s i t i o n  region,  and l eads  t o  much g r e a t e r  S t a r k  broadening of t h e  

l i n e s .  Th i s  w a s  t h e  reason f o r  t h e  i n t r o d u c t i o n  of t h e  i s o l a t i o n  

s h i e l d s ,  descr ibed i n  Sec t ion  IIIA.2, t o  surround t h e  C-field region 

( i .e. ,  t o  narrow t h e  range of t r a n s i t i o n  f r equenc ie s  by i s o l a t i n g  t h e  

region from t h e  s t r a y  electric f i e l d s ) .  With t h i s  arrangement, t h e  

l inewidth observed (see F igs  3) has  a FWHM of 25 1 MHz, although 

t h e r e  is  s t i l l  a s m a l l  amount of s i g n a l  up t o  255 MHz h ighe r  i n  

frequency than t h a t  of t h e  ze ro - f i e ld  t r a n s i t i o n .  To g e t  an i n t e g r a t e d  

i n t e n s i t y  f o r  a given bbb then,  one must span t h i s  who1e.S MtEz range. 

3.  Slow d e c l i n e  of s i g n a l  w i th  t i m e  

The oven temperature s t a b i l i z e d  e a s i l y ;  i t  remained constant  t o  

These vo l t ages '  - ca. ?: 0.04 mtr (4- - 1 OK ) o u t  of S 2 8  mv (5950 OK ) *  

r ap resen t  t h e  temperature of t h e  oven as sensed by two chromel-alumel 

thermocouples (1 mvr25 OK) a t t ached  t o . t h e  oven (see Sec t ion  I I I B )  . 

I n  s p i t e  of t h i s  apparent  constant  temperature,  t h e  IV 10) 

s i g n a l  t y p i c a l l y  showed a slow d e c l i n e  of up t o  ~ 5 5 0 %  of i t s  o r i g i n a l  

value ( i . e i ,  t h a t  obtained j u s t  after t h e  oven reached 28 mv) over  t h e  

.,.NMMB 

several hours  during which a t y p i c a l  MMMB experiment w a s  c a r r i e d  out .  

This effect was troublesome, as t h e  s t eady  decrease i n  AC s i g n a l  (with 

t h e  n o i s e  level remaining approximately cons t an t )  w a s  what u sua l ly  

l i m i t e d  t h e  u s e f u l  l i f e t i m e  of t h e  experiment. Tr ivial  explanat ions 

of t h i s  decrease,  i S e a ,  plugging of t h e  s l i t ,  corrosion of t h e  s l i t  

by impuri t ies ,e tc . ,  do n o t  seem t o  b e  t h e  a c t u a l  cause. 

p o s s i b l e  explanat ion of t h i s  e f f e c t  could b e  t h e  increased formation 

Another 
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o 
of dimers.25 The oven s l i t  w a s  kept  3 25 K h o t t e r  than t h e  main 

body of t h e  oven during t h e  i n i t i a l  warm-up, and more power w a s  put  

through t h e  hea te r s  nea r  t h e  s l i t  than  through those a t  t h e  o the r  

end of t h e  oven where t h e  CsF charge w a s  loca ted ,  

oven temperature probably became s l i g h t l y  more uniform as t h e  opera t ing  

. temperature w a s  reached and maintained, thus  increas ing  t h e  percentage 

of dimers emit ted.  

Nevertheless ,  t h e  

26 

This  s i g n a l  dec l ine  i s  i n t e r e s t i n g  from another  s tandpoin t  however, 

as i t  sheds l i g h t  on t h e  poss ib l e  n o n l i n e a r i t y  of t h e  Bendix e l e c t r o n  

mul t ip l i e r ,L . a  problem mentioned i n  Sec t ion  IIC and discussed i n  

Sec t ion  IIIE. 
e .  

I n  t h e  d iscuss ion ,  i t  is noted t h a t  overloading t h e  

muLfiplier w i l l  r e s u l t  i n  a measured I /I l o  

i t s  t r u e  value.  I n  t h e  present  experiment, if t h e  m u l t i p l i e r  were 

r a t i o  t h a t  i s  smaller than 

s i g n i f i c a n t l y  overloaded, then the  d e c l i n e  i n  s i g n a l  wi th  t i m e  would 

r e s u l t  i n  an inc reas ing  I1/Io r a t i o  f o r  CsF (measured i n  the  absence 

of s c a t t e r i n g  gas)  I .  That t h i s  i s  not t h e  case can b:e seen  ( t o  some 

ex ten t )  i n  Figs .  Xl - 14, which are p l o t s  of I1/Lo 

of time during a given experiment, and more c l e a r l y ,  from t h e  da t a  

as a func t ion  

ana lys i s  of Sec t ion  IVC.  

s p i t e  of a l a r g e  scatter for t h e  ind iv idua l  measurements, t i  long- 

term v a r i a t i o n  of t h e  unat tenuated Il/Io r a t i o  i s  e s s e n t i a l l y  zero,  

This provides  confirmatory evidence t h a t  m u l t i p l i e r  non l inea r i ty  i s  

The graphs and t h e  a n a l y s i s  show t h a t  i n  

not  a problem here .  
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111. EXPERIMENTAL APPARATUS 

Sec t ion  I11 desc r ibes  t h e  phys ica l  apparatus  i n  which t h e  experiment 

was c a r r i e d  out .  

beam production systems, t h e  b a s i c  apparatus  i s  almost unchanged from t h e  

t h e s i s  work of T. G. Waechegb 

t h e  b a s i c  apparatus  is  presented,  with f r equen t  r e f e r r a l  t o  Ref, 9b, i n  

which a more complete d e s c r i p t i o n  ( including photographs and drawings) is 

given. Sec t ion  I I I B  of t h e  p re sen t  work is  a d e s c r i p t i o n  of t h e  beam 

system and s c a t t e r i n g  cen te r .  Sect ion SIIC d e t a i l s  t h e  microwave 

system. 

Except f o r  changes i n  t h e  microwave system and t h o  

I n  Sect ion I L I A ,  a b r i e f  d e s c r i p t i o n  of 

Sec t ion  I I I D  suggests  p o s s i b l e  improvements f o r  f u t u r e  experi-  

-merits, and Sect ion I I I E  is a precaut ionary n o t e  about t h e  problem of 

"saturat ion" due t o  high cu r ren t  levels i n  t h e  Bendix e l e c t r o n  m u l t i p l i e r  

i n  t h e  d e t e c t o r  assembly. 
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A .  Basic apparatus  and operat ing condi t ions.  

The apparatus  c o n s i s t s  of two d i f f e r e n t i a l l y  pumped chambers 

(see R e f .  9b, Figs .  VA.1, VA.2, and VA.3). The smaller oven chamber i s  

made of brass, and t h e  l a r g e r  main chamber (containing t h e  v e l o c i t y  

s e l e c t o r ,  focusing f i e l d s  and d e t e c t o r  assembly) i s  of s t a i n l e o s  s teel .  

The pumping system is  a l s o  t h e  same as i n  Ref 9b, except t h a t  Consoli- 

dated Vacuum Corp. "Convoil-20" hydrocarbon d i f f u s i o n  pump oil is used 

i n  a l l  t h r e e  pumps. 

l a r g e  l i q u i d  n i t r o g e n  cooled s u r f a c e s  i n  both chambers. This  cryogenic 

pumping is  e s p e c i a l l y  important i n  t h e  oven chamber, where t h e  &inch 

d i f f u s i o n  p q p  i s  inadequate without it. Typical  ope ra t ing  p res su res  

(nominal i o n  gauge readings)  i n  t h e  oven chamber are: 

with t h e  CsF a t  i t s  equ i l ib r ium temperature,  b u t  without  s c a t t e r i n g  gas,  

and 1 - 5 ~ 1 0 - ~  t o r r  w i t h  s c a t t e r i n g  gas ( t h e  h i g h e s t  p re s su re  obtained 

with noncondensable argon).  The main chamber p re s su re  was t y p i c a l l y  

~ - 2 ~ 1 0 ~ ~  t o r r  

I n  a d d i t i o n  t o  t h e  d i f f u s i o n  pumps, t h e r e  are 

1 - 2 ~ 1 0 - ~  t o r r  

The CsF beam ( e i t h e r  d i r e c t  o r  a t t enua ted )  passes  through t h e  

a p e r t u r e  from oven t o  main chamber, through t h e  v e l o c i t y  s e l e c t o r ,  t h e  

four-pole f i e l d  which selects t h e  (1,O) r o t a t i o n a l  state, t h e  microwave 

(C-field) t r a n s i t i o n  region,  then is refocused by t h e  second four-pole 

f i e l d  onto t h e  d e t e c t o r .  

The v e l o c i t y  s e l e c t o r  and t h e  four-pole f i e l d  have been descr ibed 

previously.9b 

i n  t h a t  two grounded s h e e t  metal aluminum p l a t e s  were i n s e r t e d  perpen- 

d i c u l a r  t o  t h e  beam t o  i s o l a t e  t h i s  region from t h e  s t r a y  DC efectr ic  

The C-field t r a n s i t i o n  r eg ion  d i f f e r s  from t h a t  of Ref 9 
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f i e l d s  caused by t h e  end e f f e c t s  of t h e  &pole rods (mentioned i n  

Sec t lon  IID.2). The p l a t e s  each had a 0.635 cm d ia .  h o l e  f o r  passage 

of t h e  beam. The following sketch ( t o  scale, and looking down on t h e  

system) i l l u s t r a t e s  t h e  placement of t h e  s h i e l d s :  

W Ire 

Note t h e  closeness  0.. t h e  A-field rods t o  t..e t r a n s i t i o n  region.  

It is  probable,  i n  f a c t ,  t h a t  t h e  r e s i d u a l  "end e f f e c t "  e lec t r ic  f i e l d  

pene t ra t ing  i n t o  t h e  h o l e  i n  t h e  f i r s t  A 1  s h e e t  i s  respons ib le  f o r  t h e  

l i n e  broadening beyond t h e  n a t u r a l  ( ca l cu la t ed )  value of 2 0.5 MHz. 

The de tec to r  has  also been descr ibed previously.  9b3 lo The photo- 

graphs (Fig.  4 )  i n  t h e  present  work are included t o  show t h e  su r face  

i o n i z a t i o n  assembly ( t h e  cons t ruc t ion  of which was a p a r t  of t h e  t h e s i s  

work" o f  R. J. Beuhler) i n  i t s  present  state of refinement,  

present  work, only t h e  0.25 mm W wire ( r e f e r  t o  Fig.  4.B) wag used f o r  

su r face  ion iza t ion .  

I n  t h e  

It was operated a t  a moderate red  glow by passage 



29 

of a cu r ren t  of 3 . 5  - 3.6 amps. The ions  formed on t h e  w i r e  were focused 

by t h e  e i n z e l  l e n s  and i n j e c t e d  i n t o  t h e  quadrupole mass-filter, whose 

r e s o l u t i o n  was ad jus t ed  experimentally t o  g i v e  as noise-free a trans- 

mission of CS' as poss ib l e .  

p re sen t  work i s  t o  d i s c r i m i n a t e  a g a i n s t  K 

(The main u s e  of t h e  mass-filter i n  t h e  

4- i o n s  emit ted from t h e  W w i r e . )  
4- The mass-selected Cs i ons  are refocused by a second e i n z e l  l e n s  

and s t r i k e  t h e  inpu t  dynode of a Bendix M306 e l e c t r o n  m u l t i p l i e r  opera- 

t e d  a t  a ga in  of % 1000 (1 C s  y i e l d s  1080 e l e c t r o n s )  (See 
+ 

Sect ion I I I E  f o r  a caut ionary n o t e  about t h e  signa1leveI.s i n  t h e  

mul t ip l i e r : . )  

( i npu t  resistance 10  A>, then t o  t h e  PSD, which d e t e c t s  t h e  25 Hz 

The output  from t h e  m u l t i p l i e r  goes t o  a cathode fol lower 

7 

component of t h e  s i g n a l  and whose r e c t i f i e d  output  is displayed on a 

s t r i p  c h a r t  recorder ,  from which t h e  t r a c i n g s  i n  Figs.  1 and 2 were 

taken. 

111-4 of R e f .  10 and Fig.  VC,1 of Ref. 9b. 

A block diagram of t h e  e n t i r e  d e t e c t i o n  system i s  given i n  Fig. 



B. The s c a t t e r i n g  system. 

The beam system c o n s i s f s  of an oven (see Figs .  5 ,  6 ,  and 7)  from 

which t h e  CsF e f f u s e s ,  and a secondary source,  an a r r a y  gf p a r a l l e l  

cap$l lary tubes which are d i r e c t e d  perpendicular  t o  t h e  d i r e c t i o n  of 

t h e  CsF beam. 

ments> however; i n  a l l  prepeding experiments, t h e  s c a t t e r i n g  gas  was 

admitqed Qon-directionally via an opening i n  t h e  w a l l  of t h e  oven 

chamber. 

The c a p i l l a r y  a r r a y  was used only i n  t h e  las t  two experi-  

The CsF oven was a t y p i c a l  s t a i n l e s s  steel e f f u s i v e  source with a 

s i n g l a  s l i t  0 . 2 5  m by 5.0 m, with l;he long dimewion h o r i z o n t a l  ( 0 0  

be  compatible with t h e  beam s t o p  and d e t e c t o r  w i r e ,  a l s o  h o r i z o n t a l ) .  

1.f: had c o i l e d  tungsten h e a t e r s  a t  both ends,  and t h e  s l i t  end w a s  

normal4y kep t  S- 25OK h o t t e r  fhan t h e  "stock". Two chromel-alumel 

thermocouples are used t o  meamre t h e  oven temperature: one is b o l t e d  

onto t h e  back of t h e  oven, and the o t h e r  i s  loca ted 'deep  i n s i d e  a hole 

i n  t h e  oven, close t o  thb s l i t .  The oven i s  shown, i n  photographs arFd 

i n  a drawing, i n  Figs .  5A3 6, and 7 .  
,% 

The c a p i l l a r y  a r r a y  is desoribed i n  Figs .  5B3 6, and 7 .  ft i q  g 

Brunswick Collimated Hole S t r u c t u r e ,  sample #2.  

is 5.8 mrn x 1 .7  mm; the c a p i l l a n  tubes are 3.0 mm long and 0.025 mtq 

(nornilnal) r ad ius .  

25 2200 tubes.  

Tho area of t h e  a r r a y  

The a r r a y  fs nominally 41% apen, g iv ing  a t o t a l  of 

An estimaqed flow rate f o r  t h e  nopcondensabh =&on 

(i .e.9 product of p re s su re  rise i p  t h e  chamber when s c a t t e r i n g  gas i s  

added and t h e  est imated speed' of t h e  d i f fus ion ,  pump) i s  --,1.8x10 

moleculeq/sec. 

16 

The flow rate p e r  t ube  i s  8x1Ol2 molecules/sec,  r e s u l t i n g  

. 
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C, Microwave system 

1. General desc r ip t ion  

The microwave s y e t a  i s  similar t o  t h a t  of Ref. 9b, wi th  s e v e r a l  

important changes as designated.  Tbe assembly eonslsts of a microwave 

source ( a  Varian X-13 k lys t ron ,  descr ibed i n  Gectian ELIC.2) coupled 

i n t o  a t ransmission system which c a r r i e s  t h e  microwave r a d i a t b n  i n t o  

t h e  vacuum chamber to t h e  v i c i n i t y  o f  t h e  molecular beam. 

t h e  k lys f ron ,  che microwaves pass  fhrough a f e r r i t e  i s o l a t o r  and a 

v a r i a b l e  a t t e n u a t o r ,  then are emit ted i n t o  a 1 cm a i r  gap. 

gap, they are modulated (chopped) mechanically a t  25 Hz by a r o t a t i n g  

wheel ( s ee  Sect ion IIIC.4). 

chopper are r e c o l l e c t e d  by a horn antenna and pass  i n t o  a IO& d i r e c t i o n a l  

coupler ,  then through 8 wiqdow i s t o  t h e  vacuum chamber, where they are 

"broadcast" f r q m  another  hjsrn antenna i n t o  t h e  C-field t r a n s i t i o n  

region. The sidearm of t h e  d$ rec t ioqa l  coupler  conta ins  a wavemeter 

and c r y s t a l  d e t e c t o r  for monitoring t h e  frequency and power level of 

t h e  microyaves, 

system, and a complete L i s t ing  af t h e  component p a r t s ,  see F i g s .  8410); 

Aftey leaving 

I n  t h e  a i r  

The micyowaves t h a t  g e t  through t h e  

(For photographs, a block diagram of t h e  microwave 

The microwave t ransmiss ion  qysbw was made up of (rnimnatkhed) 

It w a s  t he re fo re  componenks intended f o r  s e v e r a l  frequency bands. 

advantageous t o  have enough miorwave power a v a i l a b l e  t o  opera te  with 

apprec iab le  a t t e n u a t i q n  i n  order  t o  minimize t h e  problem of r e f l e c t e d  

waves and "frequency pulling" of t h e  k lys f ron  ( s e e  following s e c t i o q ) .  
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2. Klystron and power supply.  

The e o r l y  experiments employed a Polarad 1107H microwave source 

( 3  e 8-8.2 GHg) and Polarad Model 1509 frequency doubler (10 a 0-15 5 GHz) . 
Also, one f u n w a s  made w i t h  a Hewlett-Packard (Hp) Model 8690A sweep 

o s c i l l a t o r  (generously loaned by P ro f .  R e  C, Woods). The source 

demonstrated t h e  advantage of having a greater power c a p a b i l i t y .  The 

Polaypd source was n e c e s s a r i l y  Qgereted a t  peak power, and i t s  output  

power spectrum P (U ) v a r i e d  widely wibh frequency 2, . Another annoy- 

ing f e g t u r e  was t h e  n e c e s s i t y  of Operating a t  low a t t e n u a t i o n  with 

cbncomitant broading of t h e  CsF peaks. 

For t h e s e  reasons,  a new miorowave source was obtained: a Varian 

X-13 k l y s t r o n  (forced-air  cooled) ,  powered by a J3? 716B k l y s t r o n  power 

supply. Typical. ope ra t ing  conditbons.were: 

Beam v o l t a g e  : 

R e f l e c t o r  vo l t age :  

Beam c u r r e n t  : S 3 2  m a  

- 365 v (with r e s p e c t  t o  c h a s s i s  ground) 

- 340 v (with r e s p e c t  t o  beam supply) 

These s e t g i n g s  r e s u l t e d  i n  a power output  of 

Under t y p i c a l  experimental  condi t ions,  t h i s  w a s  reduced e 3 0  dB by 

7l.00 mw, at  11 GSz. 

t h e  a t t e p u a t s r  and a 2  dB due. t o  t h e  a i r  gap, r e s u l t i n g  i n  approximately 

150 - 3 0 0 p  de l ive red  i n t o  the ~eg$on of t h e  molecular beam. 

X-13 can d e l i v e r  somewhat more power than  100 mw i f  one d e s i r e s  t o  work 

wFth a h ighe r  a t t e n u a t o r  s e t t i n g  ( fo  minim5ze t h e  r e f l e c t i o n s  discussed 

iq  Sec t iqn  IIB.2) w h i l e  maintaining the same power de l ive red  t o  t h e  

w l e p u l a r  beam.) 

(The 
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3. Details of frequency sweep. 

The electric tuning range of t h e  X-13 k l y s t r o n  (ice., the region 

over which t h e  frequency may b e  v a r i e d  by holding t h e  resonant  c a v i t y  

4 i z e  f i x e d  and varying t h e  r e f l e c t o r  vo l t age )  i s  only b a r e l y  wide 

enough t o  cover bo th  t h e  

by 2 %  = 70.494 MHa12, 

t h e  peqks (62 Z 1 - 2 MHz) and r a p i d  change between t h e  peaks t h e  

1 010> and IllO} peaks, which are sepa ra t e4  

Therefore,  i n  order  to permit slow scans through 

following mechanical method was used t o  va ry  t h e  frequency by changing 

t h e  c a v i t y  s i z e :  

A Hurst Model 112RC synchronous motor which turned at 1.0 r evo lu t ion /  

h r  w a s  geared down by a 50:l worm, The d r iven  output  of t h i s  assambly 

w a s  coupled t o  t h e  micrometer screw which a d j u s t s  t h e  c a v i t y  size of 

t h e  k l y s t r o n  (see Fig.  8B) .  

Vodel MA-44C audio o s c i l l a t o r ,  amplif ied by a Knight Model KN3220A 

power ampl i f i e r .  

Power f o r  t h e  motor came from an RCA 

A 60 Hz s e t t i n g  on tbe RCA o s c i l l a t o r  then y i e lded  

' t h e  d e s i r e d  frequency sweep rate of W0.8  MHz/min. (The sweep rate 

cqqld b e  changed from about 0.5 to. 3.0 m z l m i n  by a l t e r i n g  t h e  frequency 

oE t h e  o s c i l l a t o r .  See Fig. 10 f o r  8 block diagram of t h e  microwave 

apparatus,  ) 

Since t h e  f i n a l  experimental  dat.a cons i s t ed  of measurements of 

peak h e i g h t s  only f o r  t h e  two rotat ional .  t r a n s i t i o n s ,  i t  was p o s s i b l e  

t o  use  t h e  following techniques t o  go r a p i d l y  from peak t o  peak wh i l e  

scanning slowly (0.8 MHz/min) through t h e  r eg ions  of peak maxima: 

a) The motor w a s  l e f t  running a11 t h e  t i m e ,  being connected,/ 

disconnected t o  t h e  k l y s t r o n  by t ighteninglloosenirng a set screw on 

tihe oucput s h a f t  of t h e  motor. 
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b) The approximate frequency was set r a p i d l y  by a hand t u r n  

( 

F Q .  633). 

1 k revolu t ion)  of t h e  d i a l  which connects t o  t h e  motor ( see  

c) The set screw w a s  t igh tened  and the o s c i l l a t o r  so t  a t  about 

240 Ha ( 3 3.2 MHz/min). As t h e  t r a n s i t i o n  frequency was neared,  

t h e  o s c i l l a t o r  w a s  c u t  back t o  6Q Hz t o  Sweep through t h e  peak maximum. 

d) The set screw was loosened and t h e  process  repeated for anocher 

t r a n q i t i o n  frequency. 

4 .  Method of modulation. 

The method of modulation of Ref. 9 w a s  used i n i t i a l l y .  A 40 v o l t  

square wave a t  25 Hz was appl ied  $0 t h e  "Mod in"  input  of the 71613 

k lys t ron  power supply,  which was set on "externa l  modulation". A 

por t ion  of t h i s  s i g n a l  s e w e d  as a r e fe rence  f o r  t h e  PSD. It w a s  soon 

discovered however, t h a t  t h e  input  c i r c u i t r y  of .i;ha 716B for  t h i s  qode 

caused severe droop d i s t o r t i o n  (5.3 v o l t )  of t h e  waveform. See skgtchi  
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The r e s u l t  was a combinatiop of a "square wave p lus  ramp" s i g n a l  

going t o  t h e  k l y s t r o n  r e f l e c t o r ,  r e s u l t i n g  i n  a frequency modulation 

of seyersl MHz i Q  20 msec. 

lar beem resgnance s igna8  whiGh vgrried wfth time during each 20 msgc 

"orpperiod" of t h e  -waves. The time v a r i a t i o n  y ie lded  a greaqly  

d i s t o r t e d  "spectrum" I ( p )  , including a negat ive  s i g n a l  i n  p l aces  

(due t o  t h e  out-of-phase components caused by t h e  unwanted frequency 

mo&.darion) aEi t h e  k l y s t r o n  was swept chrough t h e  t r a n s i t i o n  ( see  sketch)* 

This  frequency v a r i a t i o n  produced a molecu- 

4 
+ 

n 
Y 

Hellre, y%:l) t$V , f e e . ,  t h e  sum of tF.s "nom5nal" frequency s e t t i n g  2/ 

which is swept by varying t h e  cavi ty  ~ J z e ,  and 6 2  which i s  due t o  t h e  

unwanted electrgcal frequency modulation. 

a x i s  is  

tbst  this  is an e a r l y  experiment with greagly ( 5 50 MIEz) broadened 

The zero of t h e  vertical. 

, t h e  e l e c t r o n i c  ("beam of;f") gero o f ' t h e  apparatue.  Noge 

Hnes 

A purely mechanical method af modulation was f i n a l l y  adopfsd,  as 

shown i n  Fig.  9. The s l o t t e d  wheel, r o t a t i n g  a t  25 Hz, chopo (at cpn- 

stant f r e q u p c y  and phaso) both t h e  r9;lcrowave beam aqd t h e  r e fe rence  
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s i g n a l  from The lamp which $.s sensed. by the smaslll p h o t o c e l l .  

loos I n  Cbe waveguide is  smaJ-4 ( W 2 dB) i f  t h e  a i r  gap i g  less fhqw 

1 cm, The pqwcar f o r  t h e  chapper motor was f u r n i s h e d  as f9Llswa: 

Copnor-WSnfield Model P125B s Q l i d  smte  o s c i l l a t o r  is powarmed by an Eico 

W d e l  1020 DC aupply.  The oscl4llat .dr ov tpu t  is  a m p l i f i e d  by a Knight 

Mo+dKN322QA power a m p l i f i e r ,  and one end of t h e  a m p l i f i e d  s i g n a l  fs 

The power 

a 25 Ha 

phase B h i f t e d  by a 2 p F  c a p a c i t o r  i n  o r d e r  t o  d e r i v e  P 3-phase s i g n a l .  

Th i s  3-pbase s i g n a l  powers a Glqbe X n d v s t r i e s ,  Tnc. Nodel 53A113-2 

synchropqus motor, which d r i v e s  the chopper ( s e e  F i g s .  9 and 10). 
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D. Suggestions f o r  f u t u r e  improvements 

Several  poss ib l e  improvementg suggest  themselves. Aside from 

Pmpraving inadequacies of t h e  basqc appara tus ,  i . e . ,  b e t t e r  pumping, 

b e t t e r  design of crossed molecular beam system e t c . ,  t h e  main area f o r  

fmprowement i s  i n  t h e  microwave sys tem-t rans i t ion  region.  

1. The t r a n s i t i o n  region 

Peductiqn of t h e  inhomogeneous e l e c t r i c  f i e l d s  i n  t h e  t rans i t ion  

reg ian  w i l l  result i n  less S ta rk  broadening and g r e a t l y  narrowed linese 

M i d e  from t h e  improvemgnt of S/N due to  t h e  concent ra t ion  of mqrg of 

the W B  ,s;ignal t n t o  a narrower f r eqwncy  range, i t  might mqke k t  

praot iGal  t o  scan t h e  t r a n s i t i o n  IV10) e l e c t r o n i c a l l y  (see Sect ion  

I T I D  ,'3>. 

The S t a r k  broadening of t h e  Ivla) l i n e s  is due mainly t a  the 

peppt ra t lqn  of t h e  electric f i e l d  from t h e  ends of t h e  quadrupole 

rgde i n t o  t h e  "6-field" t r a n s i t i o n  region.  

sqccess af  $he aluminum shee t s  t h a t  p a r t i a l l y  i s o l a t e d  t h e  t r a n s i t i o n  

Fegiop from t hese  end e f f e c t s .  

This  was t h e  reason fox f h e  

A better so fu t ion  f o r  t h e  problam of i s o l a t i n g  t h e  t r a n s i t i o n  r e g i m  

q$gh$ be t o  ca r ry  out t h e . . t r a n s i t i o n s  i n  a microwave "cavity" insipe 

the vacqum chamber. 

power ($.e . ,  the microwaves would be confined to t h e  region a€ t h e  beam 

rqcaer  than  being "broadcast" out i p t o  t h e  vacuum chamber) and of 

IgoJat ing the molecules.from s t r a y  DC f i&Lds.  

This  would serve t h e  dua l  purpose of requiring aeqs. 

The cav i ty  would presumably 

have suitabJ+e h a l e s  cut i n  i t s  s i d e s  t o  l e t  t h e  molecular beam gr, 

through. One problem wi th  t h i s  arrangement would b e  t h a t  of tuning 
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t h e  cav i ty  i n s i d e  t h e  vacuum, however. 

+?. E l e c t r o n i c  amplitude modulation of k lys t ron  

There are a t  least two methods of e l e c t r o n i c ’ m p l i t u d e  (off/opr) 

modulatipn of t h e  microwaves t h a t  should b e  somewhat b e t t e r  than the, 

method qa r ren t ly  used. The f i r s t  of these ,  i s  a commericql PIN modulagor, 

X t  i s  a semiconductor device (PIN ~ e f  P o s i t i v e ,  f n t r i n s i c ,  Negative.) 

cam osed OE EL number of PIN diodes which are mounted as shunt elements 

acroes  a trangmission l i n e .  These elements can act as v a r i a b l e  r e a i 6 t o r s  

? 

t q  t h e  passage of microwave energy. 

wqveguid9; it i s  con t ro l l ed  by a 25 Hz square wave of a few volts 

The device would be  mounted In  the 

atvplicude, and provides  

t h e  OFF pant; of t h e  cycle .  

method and more r e l i a b l e  (but  much c o s t l i e r ) .  

3 3 5 d B  of d i f f e r e n t i a l  a t t enua t ion  during 

It is easier t o  opera te  than t h e  present  

A eecqnd, less c o s t l y  method, makes use of t h e  25 Hz, 40 vot t  

sqqaya pave genera tor  of Ref. 9 f o r  e x t e r n a l  modulation of t h e  k1Tstrpp 

(pee a l s o  Sec t ion  IIIC.4). I n  order  t o  reduce t h e  droop d i s t o r t i o n  of 

the 40 v qquare wave t o  an acceptabJe level, one must i nc rease  the  

pagaai tance i n  t h e  input  c i r c u i t r y  of t h e  716B power supply from i , t q  

preeepq va lue  of 0.15 pF t o  3 - 5 -  10 pF. The a b j e c t ,  of course,  ifi 

tp make, t h e  magnitude of t h e  unwanted frequency modulation ( i n  MIEz) due 

tC) t h e  droop d i s t o r t i o n  of t h e  modulating s i g n a l  much smaller than  $he 

width of t h e  CsF l i n e .  Even t h e  inc rease  i n  capaci tance mentioned 

above may not be  s u f f i c i e n t  i f  t h e  l ines  are made very narrow by the  

tpcfiniqqes mentioned i n  Sec t ion  1IID.S. 

$e p a s s i b l e  t o  e x p l o i t  t h i s  f a c t o r  ( see  t h e  s e c t i o n  h e d i a t e a y  fol lowing) .  

I n  that case however, if might 
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3.  Elec t ron ic  frequency modulation of k lys t ron  

The droop d i s t o r t i o n  t h a t  was so  t r o u b l e s m e  when t h e  t r a n s i t i o n s  

-u were broadened >50 MHz and t h e  unwanted frequency modulation was 

% 3 MHz can be  turned t o  p o s i t i v e  advantage i f  t h e  opposi te  s i t u a t i o n  

holds ,  For a t r a n s i t i o n  wi th  width 3500 KHz, t h e  whole range of 

t r a n s i t i o n  f requencies  is spanned during t h e  20 msec "on time" of t;he 

qierowaves, and t h e  s i g n a l  recorded bJ t h e  lock  i n  ampl i f i e r  will be  a 
x 

weasure of the i n t e g r a t e d  i n t e n s i t y  of t h e  peak. 

EJectronic  frequency modulation y i e l d s  several advantages: 

a) The i n t e g r a t e d  i n t e n s i t y  i s  probably t h e  proper quan t i ty  t o  

mpasure.; ' i t  is. p ropor t iona l - to  tihe - to ta l ,  popuhc ion  of a 1 VlO> vibra-  

t i o n a l  state. 

b) The i n t e n s i t y  i s  cionsiderably easier to megsure because one! 

can tune up che peak value of . the i n t e g r a t e d  area and then  renain at: 

t h i s  maximum value and average out  t h e  short-term noise .  

poss ib l e  when t h e  frequency Ss scanned (as i n  t h e  present  work). 

one must t r y  eo e x t r g c t  the peak he igh t  from a s lgz i i f i can t  . >  amqunt ef 

phor tde rm ( 25 1-5 s e c )  n o i s e  on a curve t h a t  is sharp ly  peaked. 

This  is p0.F: 

There, 

c) Concurrently,  e l ec t ron iC  modulation lends i t s e l f  t o  s igna l -  

averaging instruments;  since tranaients c1an b e  averaged out electronically. 

d) If a PIN modulator i s  used f o r  amplitude-modulatiDn, i t  might: 

be advantqgeous t o  do t h e  electronic frequency modulation at a considerably 

h igher  frequency ( 2 10 KHz) than  t h e  chopping frequency. 

eliminate e n t i i e l y  t h e  e f f e c t s  of t h e  RC coupling t o  t h e  k lys t ron  power 

This  wi12 .  

- 
supply * 
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E. Fur ren t  level@ i n  t h e  e l e c t r o n  m u l t i p l i e r  

Many molecular beam experiments develop an AC s i g n a l  by ineans of 

mechanical chopping of t h e  beam by some s o r t  of chopping wheel.. This  

was done i n  the p resen t  experiment, i n  fact ,  as i s  noted i n  t h e  f i r s t  

part  of Sect ion IZB,1. Under t h e s e  coqdi t ions ,  e s s e n t i a l l y  a91 af t h e  

ions t h a t  reach the m u l t i p l i e r  w i l l  r ep resen t  signal which has been 

modulated at; t h e  r e fe rence  Frequency (bere, 25 He). 

This i s  no longer  the case w$en t h e  microwave source (or  soma 

other parameter,  such as che v o l t a g e  on the rods) i s  modulated, 

as before!, the AC comporqdnt will s t i l l  be t h e  sn1y t h ing  detcected by 

Then, . 
t h e  PSD, but: now there 3s a l a r g e  DC background of unmadulated CsF 

t h a t  s t r i k e s  t h e  w i r e ,  i s  ionized,  mass s e l e c t e d ,  and impinges on t h e  

mult ipl$er .  Th i s  DC background, perhqps ten times the  size of Che AC 

s i g n a l ,  can drivr; t h e  mult ipl i ler  i n t o  SI nonlinear region and result i n  

spurious readings.  The following ske tch ,  a r e p r e s e n t a t i o n  of the 

I " t r a n s f e r  f t tnction" of the multipLiey opera t ing  at  ;a p r e s e t  voltage 

( i .a . ,  a p r e s e t  nominal ga in )  i l l u s V r a t e a  t h i s  e f f e c t e  

-_I-- - 
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The s k e t c h  is a n  extreme case i n  which t h e  large i n p u t  puts t h e  

m u l t i p l i e r  fa r  i n t o  i t s  n o n l i n e a r  reg;iop ( i m  is t h e  maxinum c u r r e n t  t h a t  

can b e  e v t r a c t e d  from t h e  m u l t i p l i e r ,  on t h e  o r d e r  of 

Io and Il i n t e n s i t i e s  are i n d i c a t e d  as negative ("flop-out") peaks sub- 

t r a c t e d  from iDc, t h e  DC background. 

(I1/Io)au+ /[I1/I0&, . < ' 

ratio of t h e  beam. 

amp). The 

The n o n l i n e a r i t y  r 8 s u l t s . i n  

1, & . e . ,  an a p p a r e n t  d e c r e a s e  i n  t h e  i n t e n s i t y  

Add i t ion  of w s t t e r i n g  gas t o  a t t e n u a t e  the CsF 

s i g n a l  (intruding the DC background) w i l l  b r i n g  t h e  m u l t i p l i e r  i n t o  a 

more n e a r l y  l i n e a r  region-, r e s u l t i n g  i n  a l a r g e r  apparen? v a h q  of 

( I1 / Io)  o u t .  7 I f  t h e  m u l t i p l i e r  had been b a d l y  over loaded ,  t h i i  efZect 

- could have  exp la ined  the measured i n c r e a s e  of I1/Po for t h e  a t t e n u a t e d  

CsF 'beam. 

I n  f h e  present: egperiment  howevek, oar@ was always t aken  t o  keep 

t h e  m u l t i p l i e r  oupptrt well below its r a t e d  maximum o u t p u t  current af 

IOm7 amp. Th i s  stsction is i n c l u d e d  as a warning t h a t  when a small AC 

-signal.  is superimposed on a l a r g e  DC background, pome independent  

'measurement df t h e  t o t a l  s i g n a l  should  be made,e.g. ,  by an e l e c t r o m e t e r ,  

t o  de t e rmine  that  t h e  m u l t i p l i e r  i s  n o t  over loaded .  
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IV. DATA ANALYSIS AND DPSCUSSPON 

A .  Treatment of raw d a t a  

Typical  r a w  d a t a  are shown i n  t h e  c h a r t  t r a c i n g s  of Figs .  1 and 2 .  

The d a t a  c o n s i s t  of recordings of t h e  s t rong  peaks 

(Io and I1 r e s p e c t i v e l y )  taken from t h e  scans of I (a) as descr ibed 

i n  S e c t i o n  I I C ,  upon which i s  superimposed a s i g n i f i c a n t  amount of 

presumably random short-term n o i s e  and long-term d r i f t .  

t o  e x t r a c t  accu ra t e  va lues  f o r  t h e  r a t i o  11/ Io from d a t a  such as 

these,  both f o r  t h e  d i r e c t  beam and f o r  t h e  beam a t t enua ted  by scatter- 

ing.  

inconstancy: 

short-term n o i s e  as accura t e ly  as p o s s i b l e ,  and second, one must 

I t  is  d e s i r e d  

However, t h e  d a t a  r educ t ion  i s  complicated by two sources  of 

f i r s t ,  one must " f i l t e r "  t h e  peak height  out  of  t h e  

c o r r e c t  t h e  o v e r a l l  s i g n a l  f o r  long-term d r i f t  due t o  such causes a5 

loss of d e t e c t o r  a c t i v a t i o n ?  ( see Sec t ion  I X D . 1 )  , slow changes i n  t h e  

i n t e n s i t i e s  of t h e  beams, etc. 

The peak h e i g h t s  are determined "by eye'', wi th  t h e  at tempt  made 

t o  l o c a t e  as c a r e f u l l y  as p o s s i b l e  t h e  maximum of t h e  peak i n  t h e  

c e n t e r  of g rav i ty"  of t h e  accompanying ise. 1 ( I n  o t h e r  words, 11 

one t r ies  t o  l o c a t e  t h e  peak h e i g h t  where i t  would be  i n  t h e  absence 

of t h e  short-term noise . )  Compensation f o r  d r i f t  i s  then accomplished 

by means of a r a t h e r  conventional l inear  t i m e  i n t e r p o l a t i o n  procedure 

as shown i n  t h e  following sketch.  The sketch is an i d e a l i z a t i o n  of 

t h e  c h a r t  t r a c i n g ,  w i t h  t h e  short-term random n o i s e  removed and only 

t h e  t r a n s i t i o n  maxima shown: 
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1 

I me 

The t i m e  dependence ( i s e a ,  d r i f t )  i s  assumed t o  b e  l inear  between 

( f o r  l a c k  of a b e t t e r  method), and t h e  attempt is  made t o  peaks 

determine what t h e  

t h e  same rime as t h e  

t h e  a c t u a l  h e i g h t s  measured and no t  t h e  des i r ed  i n t e r p o l a t e d  va lues ,  

i n t e n s i t y  would b e  if i t  were maaoured at 

Since  t h e  1 > kymbol denotes i n t e n s i t y .  

t h e  symbols hoi and h 

maximum i n t e n s i t i e s )  of t h e  1.01 

are introduced t o  d e f i n e  t h e  peak h e i g h t s )  ( o r  Ii 
deasured a t  t h e  "same" 

t i m e  ti- Now, d e f i n e  Ri = his/ hoi9 t h e  r a t i o  of peak i n t e n s i t i e s  

~ ~ ~ = l ~ / ~ ~ ( J ' = O ) (  c f ,  11/ Io). A s i n g l e  va lue  of R .  is  def ined as one 
1 

measurement". Typical ly ,  one o b t a i n s  several of t h e  R ,  under I 1  

1 

i d e n t i c a l  cond i t ions  &.e., c lose toge the r  i n  time and e f t h e r  all 

without s c a t t e r i n g  gas o r  a l l  with t h e  same a d d i t i o n  of s c a t t e r i n g  

gas ) ;  t h e s e  several R .  are defined as a "c lus t e r "  of measurements. 

Thus, t h e  sketch above i l l u s t r a t e s  two measurements R1 and R2 which 

form a c l u s t e r  of two po in t s .  

1 

These d e f i n i t i o n s  are used in t h e  

s t a t i s t i c a l  a n a l y s i s  of t h e  r a t i o  d a t a ,  descr ibed i n  Sec t ion  EVC. 



B, Resu l t s  of r a t i o  'graphs 

P l o t s  of t h e ,  Ri 

i n  Figs .  11-14. The 

a r b f t r a r y  zero.  The 

a r b i t r a r y  and serves 

experiments i n  which 

exper imant emp loying 

for experiments on fou r  s e p a r a t e  days are shown 

a b s c i s s a  is  t h e  elapsed time, s t a r t i n g  from an 

choice of t i m e  as a coordinate  is  somewhat 

mainly t o  d i s p l a y  t h e  d a t a ,  Pigs, 11-13 show 

GO was t h e  s c a t t e r i n g  gas ,  and Fig.  14, an 

l , l , l - t r f c h l o r o e t h a n e  and argon. Figs .  19 and 12 
2 

summarize experiments i n  which t h e  s c a t t e r i n g  gas  was introduced i n t o  

t h e  oven chamber nond%reet ional ly ,  i . e . ,  through an opening f.n t h e  

chamber w a l l .  The c a p f l l a r y  a r r ay '  (which w a s  more l i ke  an a c t u a l  

crossed beam) w a s  i n s t a l l e d  f o r  t h e  runs summarized i n  Figs.  13 and 14- 

The two va lues  of Ri ( % . e . ,  t h e  p a i r s  of connected p o i n t s  on 

Figs .  11-14) a t  each t i m e  ti are n o t  s e p a r a t e  d a t a ,  b u t  r a t h e r  are 

two independent readings of t h e  same c h a r t s .  Th i s  s e r v e s  a purpose 

which can be  expressed i n  two similar ways. 

some i d e a  of t h e  p r e c i s i o n  of an i n d i v i d u a l  c h a r t  reading by checking 

i t s  r e p r o d u c i b i l i t y .  Secondly, it provides  r e p l i c a t i v e  d a t a  t h a t  i s  

On t h e  one hand, i t  g i v e s  

used t o  eva lua te  t h e  s t a t i s t i ca l  va r i ance  i n  t h e  act  of reading t h e  

c h a r t ,  

of t h e  change i n  R upon s c a t t e r i n g ,  and must be  taken i n t o  account i n  

This  variance adds t o  t h e  t o t a l  u n c e r t a i n t y  i n  t h e  magnitude 

any s t a t i s t i ca l  a n a l y s i s  t h a t  a t tempts  t o  d e f i n e  t h e  s tandard dev ia t ion  

o r  confidence i n t e r v a l  f o r  t h i s  magnitude. 

Several observat ions are apparent upon examination of t h e  Ri 

plots  ( Figs.  11-14).: 

The b a s i c  r a t i o  f o r  t h e  unat tenuated CsF beam ( h e r e a f t e r  denoted 

by Ro) ,  wh i l e  cons t an t  as n e a r l y  as can be determined during t h e  
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( v i a  Eq.  10 o r  12) through t h e  replacement of 11 ( o r  Eel a n d P o  by 

28 which depend on v i b r a t i o n a l  state.  t h e i r  proper va lues  Br andp@ 

The proper rod v o l t a g e  f o r  maximum transmissfon w f l l  then depend 

s l i g h t l y  on v i b r a t i o n a l  s ta teI  

Eq. 12, one c a l c u l a t e s  ( f o r  a f i x e d  value of L) t h a e  t h e  vo l t age  t h a t  

gives  maximum focused i n t e n s i t y  f o r V h  I fs 1% less than t h a t  needed 

t o  maximize the&* 0. 

(when they  are tuned up f o r  maximum i n t e n s i t y )  produces a n e g l i g i b l e  

change i n  t h e  focused s i g n a l .  

12 

when t hese  q u a n t i t i e s  are pu t  i n t o  

Experimentally, a 1% change i n  rod vo l t ages  

This c a l c u l a t i o n  i s  not t h e  whole answ r, however. P t  is  p o s s i b l e  

t h a t  some combinations of oven, four-pole f i e l d s  and d e t e c t o r  p o s i t i o n s  

could cause d i f f e r e n t  focusing f o r  d i f f e r e n t  s ta tes .  Wlile i t  would be  

r a t h e r  d i f f i c u l t  t o  c a l c u l a t e  whether t h i s  e f f e c t  i s  t h e  cause of t h e  

anomalous r a t i o ,  one can demonatsp t e  experimental ly  t h a t  f t  probably 

is no t .  

changes i n  t h e  r a t i o  from experiment t o  experiment would be  t h e  

d i f f e r e n c e  i n  re la t ive alignment of t h e  oven, d e t e c t o r ,  beam s t o p ,  and 

microwave horn w i t h  r e s p e c t  t o  the  f i x e d  four-pole f i e l d s  f o r  each 

experiment. Th i s  implies  t h a t  i t  should be  p o s s i b l e  co change t h e  

r a t i o  cfurfng a run  by moving t h e  above components, e i t h e r  s i n g l y  o r  i n  

combination. This  w a s  found not  t o  be t h e  case experimentally -- t h e  

r a t i o  d i d  not  change s i g n i f i c a n t l y  when theso components were in t en t ion -  

a l l y  moved during a run. Furthermore, one would expect: t h a t  i f  t h e  

r a t i o  were lower than t h e o r e t i c a l  when t h e  apparatus  was tuned up 

f o r  t h e  maximum i n t e n s i t y  of t h e  ~ ~ l 0  

I f  i t  were - t h e  cause,  then presumably t h e  reason f o r  t h e  l a r g e  

0 

state ,  then tuning up on 
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should r e s u l t  i n  a r a t i o  t h a t  i s  higher  than t h e o r e t i c a l .  This was 

t r i e d  and had no e f f e c t .  Thus, t h e  reason f o r  t h e  anomalous r a t i o  

remains obscure. 

I n  s p i t e  of t h i s  unpredictable  discrepancy between t h e  t h e o r e t i c a l  

and measured values  of  t h e  r a t i o  f o r  CsF in t h e  absence of s c a t t e r i n g  

gas ,  it i s  observed t h a t  tho a d d i t i o n  of a s c a t t e r i n g  gas  to produce 

o v e r a l l  a t t e n u a t i o n  of t h e  main beam y i e l d s  a r a t i o  which i s  greater 

i n  a l l  cases t han  i t  w a s  i n  t h e  absence of s c a t t e r h g  gas.  

small increment with a l a r g e  unce r t a in ty  i n  i t s  magnitude, bu t  i t s  

ex i s t ence  i s  e s t a b l i s h e d  a t  a confidence level b e t t e r  than 95% (see  

next  s e c t i o n ) .  

X i  i a  a 
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C.  Analysis of d a t a  

The d a t a  from t h e  s c a t t e r i n g  experiments have been summarized i n  

Figs .  11-3.4. 

b racke t s  i n  t h e s e  graphs.  En gene ra l ,  each c l u s t e r  of r a t i o s  measured 

i n  t h e  presence of s c a t t e r i n g  gas (ehese r a t i o s  h e r e a f t e r  denoted as Rs) 

has a c l u s t e r  of R measurements taken between them ( i e e e ,  no two 

c l u s t e r s  R are adjacent ') .  This  is  n o t  t h e  case in FTg. 13, where 

c l u s t e r s  6-7 and 8-9 were made with no R measurements intervening.  

These c l u s t e r s  of CO ' r a t i o s  Rs are independent, though, i n  t h a t  they 2 

w e r e  observed by measuring one c l u s t e r  of d a t a  f o r  s c a t t e r i n g  gas ,  

evacuating t h e  oven chamber and then readmit t ing t h e  gas f o r  ano the r  

c l u s t e r  measurement. 

c l u s t e r s  i n  o rde r  t o  improve t h e  s ta t is t ical  s i g n i f i c a n c e  of the e f f e c t .  

The i n d i v i d u a l  "c lus t e r s "  of d a t a  are ind ica t ed  by t h e  

' 0  

S 

0 

This was done t o  produce a l a r g e r  number of 

I n  analyzing t h e  d a t a ,  a t t e n t i o n  is  confined t o  experiments 

u t i l i z i n g  CO as a s c a t t e r i n g  gas.  Close examination of t h e s e  r e s u l t s  

(Pigs.  11-13] reveals a s i g n i f i c a n t  fact .  Ef one compares t h e  average 

value of  t h e  r a t i o  R w i t h i n  a s c a t t e r i n g  c l u s t e r  with t h e  average of t h e  

r a t i o  R f o r  ad jacen t  c l u s t e r s  without  s c a t t e r i n g ,  then on& observes 

i n  a l l  cases t h a t  t h e  c l u s t e r  average of R' is g r e a t e r  than t h e s e  

average va lues  of R For t h e  n ine  c l u s t e r s  u t i l i z i n g  CO t h e  r a t i o s  

of t h e  c l u s t e r  avexages R f o r  s c a t t e r i n g  t o  t h e  ad jacen t  c l u s t e r  

averages €l ranges from 1.005 t o  1,051. These n i n e  r a t i o s  ( h e r e a f t e r  

def ined as X S Rs/Ro) have an average va lue  of 1 ,021  and Q standard 

2 

S 

0 

0 
2' 

S 

0 

d e v i a t i o n  of 0,004. The "s tudent 'e  t-value" f o r  a two-ended 95% 

confidence interval w i t h  e i g h t  degrees of freedom i s  2.31, r e s u l t i n g  i n  
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an e f f e c t  

method of 

I f  a 

X = 1.021 4- 0.01P a t  a confidence level 

a n a l y s i s  is  designated Method A .  

more d e t a i l e d  a n a l y s i s  is  d e s i r e d ,  t hen  

- of 95%. Th i s  p r i m i t i v e  

a dec i s ion  must b e  

. made as t o  what is  considered t o  be  t h e  b a s i c  measurement being taken: 

is  it t h e  i n d i v i d u a l  dezerminations of t h e  h o r  are whole c l u s t e r s  t h e  

fundamental q u a n t i t y  being observed? The two d i f f e r e n t  assumptions w i l l  

y i e l d  d i f f e r e n t  ,magnitudes and est imated u n c e r t a i n t i e s  for t h e  va lue  

of x. 

i3 

* 

The d e t a i l s  of t h e s e  analyses  are sketched below. They were c a r r i e d  

out  by R .  A .  LaBudde, whose kind a s s i s t a n c e  i s  g r a t e f u l l y  acknowledged. 

The f i r s t  of t h e s e  methods considers  t h e  c l u s t e r s  t o  be the b a s i c  

experimental  q u a n t i t y  measured and t h e  second assumes t h e  same f o r  t h e  

i n d i v i d u a l  h . i 

The method of equ iva len t  c l u s t e r s  (denoted as Method 3) assumes 

t h a t  a l l  c l u s t e r s  are measured with equal  p r e c i s i o n  and t h a t  t h e r e  i s  

a s i n g l e  d i s t r i b u t i o n  of c l u s t e r  va r i ances .  Analysis  i n  t h i s  manner 

r e s u l t s  i n  a va lue  of 5 of 1.019 w i t h  a s tandard dev ia t ion  of 0.005 

and eleven degrees of freedom, y i e l d i n g  5 = 1.019 + - 0.012 (95% con- 

f idence level) 

The f i n a l  method, t h a t  of equivalent  measurements (Method C), 

assumes t h a t  t h e r e  is  a uniform e r r o r  a s s o c i a t e d  wi th  measurement of the 

d a t a  and of reading t h e  c a h r t ;  f u r t h e r ,  t h a t  t h e r e  i s  a c l u s t e r  e r r o r  

only when s i g n i f i c a n t .  

dev ia t ion  of 0.005 and 40 degrees of freedom. 

Xc = 1.016 $. - 0.009 (95% confidence level). 

i n  Table 2. 

This  a n a l y s i s  y i e l d s  Xc = 1.016 wi th  a s tandard 

Th i s  g i v e  8 f i n a l  r e s u l t  

These r e s u l t s  are summarized 
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TABLE 2 

Summary of d a t a  a n a l y s e s  

S tandard  Degrees  of 
Method . X d e v i a t i o n  f geedam Error* 

A xi 021 0.  oo47 

B 1.019 0.00!$ 

C 1.016 0 e 0047 

4- 0.011 - 8 

11 e - 0.012 
40 d- - 0.009 

* at 95% conf idence  level, 
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Although t h e  t h r e e  methods of d a t a  a n a l y s i s  g ive  r e s u l t s  of d i f -  

f e r e n t  magnitude, they are i n  accord i n  t h a t  t h e  unce r t a in ty  a s soc ia t ed  

with t h e  95% confidence i n t e r v a l  f o r  each c a l c u l a t i o n  i s  a( 213 of t h e  

s ize  of t h e  e f f e c t ,  and t h a t  t h e  magnitude of t h e  e f f e c t  agrees  (among 

t h e  t h r e e  methods) t o  wi th in  t h e  s t a t e d  e r r o r s  of t h e  analyses .  Thus, 

t h e  ex i s t ence  of t h e  e f f e c t  (X > 1.00) is conf9rmed a t  b e t t e r  than a 

95% confidence level, b u t  wi th  a l a r g e  unce r t a in ty  i n  i t s  magnitude. 

Note that: X 2s 1 impl ies  p r e f e r e n t i a l  v i b r a t i o n a l  e x c i t a t i o n  @vt. 4- 1) 

of CsF c o l l i d i n g  wi th  C02 ( i n  terms of t h e  l abora to ry  s i g n a l  de t ec t ed  

i n  l i n e  with t h e  CsP beam). 
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D.  Discussion of r e s u l t s  

1, An apparent  anomaly: p r e f e r e n t i a l  e x c i t a t i o n  

The observat ion sf X 5 E upon attenuatfon of t h e  CsF beam by a 

crossed beam of CO 

This e f f e c t  i s . n o t  p e c u l i a r  t o  C02 as a s c a t t e r i n g  gas;  Pig. 13 suggests  

t h a t  a similar i n c r e a s e  occurs f o r  * argon and l 1, P-tr ichloroethane,  

although t h e r e  are i n s u f f i c i e n t  d a t a  f o r  t h e s e  cases t o  ydgld sQatis- 

has  been demonstrated i n  t h e  prevfous s e c t i o n .  2 

t i c a l  s i g n i f i c a n c e  t o  t h e  e f f e c t .  Also, some e a r l y  d a t a  taken by 

30 T. G.  Waech ind ica t ed  .a similar e f f e c t  f o r  IE20 used as a s c a t t e r i n g  

gas.  

simple temperature argument: 

with v ib ra t ionk2 ly  "hot" CsP and makes t h e  CsP "hotter" ( f e e . ,  raises 

The n o n i n t u i t i v e  d i r e c t i o n  of t h e  e f f e c t  is i l l u s t r a t e d  by a 
1 .  

"cold" (room temperature) C 0 2  c o l l i d e s  

Il/Io). 

of what was expected i n i t i a l l y .  

This r e s u l t  was q u i t e  unexpected; i n  fact  i t  was the oppos i t e  

Resu l t s  conrrary t o  preconceived no t ions  are good i n  t h a t  they 

demand extra evidence b e f o r e  t h e i r  e x i s t e n c e  i s  belfeved.  They also 

tend t o  reduce b i a s ,  conscious o r  o t h e m f s e ,  i n  i n t e r p r e t a t i o n  of t h e  

da t a .  I n  t h e  p re sen t  case, t h e  e a r l y  results ( s t a r t i n g  with ehe 

preliminary observat ions of T. G. Waech) were viewed with skept ic ism 

and were accepted only when t h e  C02 measurements were repeated under 

d i f f e r e n t  condi t ions and t h e  e f f e c t  confirmed on several occasions.  

s A f u r t h e r  anomaly i s  t h a t  t h e  eLast5.c s c a t t e r i n g ,  i f  i t  i s  depen- 

dent on t h e  v f b r a t i o n a l  s ta te  of t h e  CsF molecule, would tend t o  make 

1. Because of t h e  inc rease  i n  t h e  d i p o l e  moment and p o l a r i z a b i l i t y  

with v i b r a t i o n a l  state,  it is reasonable to expect an i n c r e a s e  of 2-3% 
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i n  t h e  long-range C cons tan t .  Since t h e  s c a t t e r i n g  i n t e n s i t y  a s  a 6 
func t ion  of angle  i s  p ropor t iona l  t o  (C6.1'3, one might expect t h e  low- 

angle  r e s i d u a l  CsF t o  be -.- enriched i n  t h e  s t a t e  V =  

course i s  t h e  oppos i te  of t h e  measured e f f e c t .  

1%. This of 

The next s e c t i o n  a t tempts  

t o  resolve t h i s  apparent  anomaly. 

2. Kinematic cons idera t ions  

A p l a u s i b l e  explanat ion fbr t h e  "cont ra ineui t ive"  e f f e c t  (X * 1) 
* 

is  a s  fol lows:  v i b r a t i o n a l  e x c i t a t i o n  and deexc i t a t ion  of t h e  C02 

*The author  apprec i a t e s  a pre l iminary ,  t e n t a t i v e  suggest ion of t h i s  

explana t ion  by M. E. Gersh. 

a r e  both occurr ing ,  b u t  t h e  d e t e c t o r  "sees" a much l a r g e r  f r a c t i o n  of 

t h e  s c a t t e r i n g  due t o  the  former process  than t h a t  of t h e  la t ter .  

A s  an example, consider  t he  v e l o c i t y  vec to r  t r i a n g l e  f o r  c o l l i s i o n  

of CsF with CO 

CO is t h e  most probable v e l o c i t y  d where 

(shown i n  Fig.  14 ) .  I n  t h i s  f i g u r e ,  t h e  v e l o c i t y  of 2 

2 

(14) =: 336 m/sec a t  30OoK. 

For t h e  focusing f i e l d s  used i n  t h e  experiment, t h e  CsF v e l o c i t y  i s  

given by 9b 
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where, as before ,  Vo i s  t h e  rod vo l t age ,  Thus, with a t y p i c a l  va lue  

of Vo of 1 .0  Kv,  vCsF = 502 m/sec. For r i g h t  angle  c o l l i s i o n s ,  t h e  

above v e l o c i t i e s  y i e l d  vrel = 604 m/sec, and thus ,  a center of mass 

relative k i n e t i c  energy Erel of ~ . O ~ ~ X L O - ~ ~  e r g  ( ~ 5 2 1  cm-l) . TPis is  

12 
g r e a t e r  than t h e  energy ( ~ 3 4 9 . 3 2  cm-' f o r  CsF 1 needed t o  exciie t h e  

0 4 1 v i b r a t i o n a l  mode. 

Refer r ing  back t o  Pig 12, t h e  c i r c l e  (sphere)  l abe l f ed  "exc i ta t ion"  

and "A v" = + 1". des igna tes  t h e  locus  i n  v e l o c i t y  space of a l l  CSP 

molecules s c a t t e r e d  i n e l a s t i c a l l y  by t h e  process:  

where t h e  i n i t i a l  and f i n a l  r e l a t i v e  k i n e t i c  energ ies  are r e l h t e d  

through 4 E (349 ., 32 cm-') by energy conservation: 

I 2. 
%'I = 5 

where M i s  t h e  reduced mass of t h e  system CsP - C02* 
Simi la r ly ,  t h e  sphere marked "deexci ta t ion" ( A v =  -1) r e f e r s  t o  t h e  

exothermic reverse process  e 

Now consider t h e  scattered s i g n a l  t h a t  is seen by t h e  d e t e c t o r  i n  

t h e  present  experiment. 

transm5ts beam molecules with an angular  divergence of 0.99' i n  t h e  

labora tory  (LAB) ( a s  i l l u s t r a t e d  i n  Fig.  9 ) ,  and al lows them t o  be  

The co l lbna tor  i n  f r o n t  of t h e  four-pole f i e l d  
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focused onto t h e  f i x e d  de tec to r .  

molecules de t ec t ed  are t h o s e  whose v e l o c i t y  v e c t o r  ( a f t e r  s c a t t e r i n g )  

terminates  w i t h i n  t h e  region of t h e  0.99' angular  acceptance of t h e  

quadrupolar f i e l d .  

One no te s  t h a t  t h e  e x c i t a t i o n  process ,  whose c i r c l e  termhates nea r ly  

on t h e  CsF LAB v e l o c i t y  v e c t o r  ( 

d i r e c t l y  i n  t h e  pa th  of t h e  CsF beam) allows a wide range of center-of- 

mass (Cb Me) ang les  t o  appear i n  t h e  0.97' l abo ra to ry  angular  range. 

This  phenomenon, known as "Jacobian cusping" , (i e e a 

range of C .  M. ang le s  are crowded i n t o  a narrow range of LAB ang le s )  

y i e l d s  g r e a t  enhancement of rhe  s c a t t e r e d  s i g n a l  observed a t  t h e  cusp 

angle  (here  a t  a LAB s c a t t e r i n g  ang le  = 0). This  enhancement does 

no t  occur f o r  t h e  d e e x c i t a t i o n  process.  

of t h e  Jacobian cusp ing l )  

Th i s  implies  t h a t  t h e  only s c a t t e r e d  

A drawing i l l u s t r a t i n g  t h i s  i s  shown i n  Fig. 9%. 

= Oo, s i n e e  t h e  detector is 

t h a t  a "large" 

(See Pig.  E 6  f o r  an i l l u s t r a t i o n  

A second process  ( a l s o  shown in  Pig.  16) t h a t  adds t o  t h e  enhanced 

d e t e c t i o n  of t h e  e x c i t a t i o n  product i s  t h a t  i t  is  confined t o  a smaller 

region i n  v e l o c i t y  space than i s  t h e  d e e x c i t a t i o n  product;  t hus ,  a f i x e d  

l abora to ry  d e t e c t o r  ang le  w i l l  see "more" of t h e  e x c i t a t i o n  process  

than t h e  deexc i t a t ion .  These two e f f e c t s  are s t r i c t l y  kinematic i n  

31 o r i g i n  and may b e  evaluated q u a n t i t a t i v e l y  ( see  Warnock and Bernstein 

One ob ta ins  t h e  following r e l a t i o n  fo io of t h e  average d i f f e r -  

e n t f a l  s o l i d  ang le  LAB cross s e c t i o n  

d e e x c i t a t i o n  a t  a LAB s c a t t e r i n g  a n g l e  = 0 from Eq. 39 of Ref. 31: 

). 

f o r  e x c i t a t i o n  t o  t h a t  f o r  
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where 

6 
) dr = i n t e g r a l  cross s e c t i o n s  f o r  e x c i t a c i o n  and daexc f t a t ion ,  

r e s p e c t  i v e  l y  

>= C. M ,  angular  d i s t r i b u t i o n s  of t h e s e  c ros s  s e c t i o n s ,  t 

= C .  M. r e c o i l  v e l o c f t i e s ,  

= ang le  between and r e s p e c t i v e l y  a 

(Many of t h e s e  symbols are def ined fn Fig .  16.) 

L i t t l e  i s  known - a p r i o r i  about t h e  (6) for t h i s  

system. Presumably, f o r  a k i n e t i c  energy only E. 1.5 times threshhold,  

is considerably smaller than cdx (which has no threshhold) .  Re- ex 

garding t h e  angular  d i s t r i b u t i o n s  

c a l c u l a t i o n s  are t h o s e  f o r  He  - H2 by Micha and Botenberg32, which have 

ind ica t ed  p r e f e r e n t i a l  forward C. M a  s c a t t e r i n g  f o r  v i b r a t i o n a l  energy 

( e ) ,  t h e  only r e l i a b l e  e x i s t i n g  

t r a n s f e r ,  i n  c o n t r a s t  t o  t h e  backscat terfng r e s u l t s  i n f e r r e d  from more 

p r i m i t i v e  arguments by earlier workers. This i s  important,  as t h e  

v i b r a t i o n a l l y  inelastic s c a t t e r i n g  ( i f  i t  occurs) a t  @d = 0 will 

correspond t o  C. M. ang les  of 9' and 56' f o r  e x c i t a t i o n  and deexci ta-  

t i o n  r e s p e c t i v e l y  (i.e., s c a t t e r i n g  into t h e  forward hemisphere), The 

r e s u l t s  of Ref. 32, t h e r e f o r e ,  suggest  t h a t  t h e  p re sen t  explanarion 

of t h e  unexpected experimental  r e s u l t s  i s  no t  h m e d i  ge ly  r u l e d  ou t  

on a t h e o r e t i c a l  b a s i s .  
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The o the r  f a c t o r s  i n  Eq. ( l8 )  are known more d e f i n i t e l y .  Given 

any p a i r  of va lues  of V 

computed, and t h e  range of COS 3 e x  can be exac t ly  

evaluated from a diagram such as Figs .  15 o r  16. For example, in Fig.  

and VccsF, t h e  r a t i o  ( 
Co2 

t= 5 . 2 ,  and has  a range of 0,93 t o  0.94, 

while  t h e  range of I LO% I,,\ i s  0.0 to 0.36. Both t h e  W’znd 

f a c t o r s  enhance de tec t ion  of t h e  exc i ted  product then ,  e s p e c i a l l y  t h e  

(although t h i s  s i n g u l a r i t y  is not  observed i n  prac- 

t i c e  due t o  l ack  of r e s o l u t i o n ) .  Nevertheless ,  they c o n s t f t u t e  a, 

considerable  enhancement (by a f a c t o r  i n  excess  of 15) %or d e t e c t i o n  of 

t h e  e x c i t a t i o n  process  r e l a t i v e  t o  t h e  deexc i t a t ion  process. 

For t h e  v e l o c i t y  of CsF i n  t h e  above example (502 m/sec)!, t h e  

p a r t  of t h e  enhancement j u s t  noted 

independent of t h e  v e l o c i t y  of t h e  

whenever t h e  C. M. r e c o i l  v e l o c i t y  

due to COS pu/ 
GO, crossed beam. It w i l l  occur 

h 

of CSF, WVCSF i s  equal  in 

t o  t h e  perpendicular  d i s t ance  ( 5  D) from 

connecting . the s c a t t e r i n g  center  wi th  t h e  

whenever 

kinematic 

- - 

1 90’) To achieve t h i s ,  e-% 

t h e  C .  M. p o i n t  t o  

de t ec to r  a t  angle .  

CSF one r equ i r e s  W 
P 

-- 
D 

magnitude 

tho  l i n e  

( i . e . ,  

= 1. The 

a lgebra  f o r  two beams i n t e r s e c t i n g  a t  an angle  

t h e  present  work 9 goo, and 
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For Vcsa = 502 mlsec, t h e r e  i s  a f o r t u i t o u s  near-caneel la t ion of t h e  

second and t h i r d  terms i n  t h e  square roo t .  Then W'CsP/D /v 1 f o r  - a l l  

VcOz. and t h e  p r o n o u n c e d p  enhancement (Jacchian cusping) w i l l  be  

present  ( t o  a g r e a t e r  o r  lesser degree) f o r  a wide range of speeds of 

t h e  C 0 2  molecules i n  t h e  crossed beam, 

gas ( r a t h e r  than crossed beam), Eq. 419 inadicaees that: t h e  Jacobian 

cusping w i l l  be  p re sen t  f o r  a small range of angles  around 

a t  any rate, t h e  W v  enhancement w i l l  always b e  p re sen t ,  

For t h e  case of t h e  s c a t t e r i n g  

A ques t ion  arises as t o  t h e  v e l o c i t y  s e l e c t i n g  p r o p e r t i e s  of t h e  

9b four-pole f i e l d  (as derived by Waech 1- H e  calculated a veloci ty  band- 

- 0.21; i f  t h i s  was t h e  case i n  the p resen t  work, t h e  A %lo, pass of -- v 
e x c i t a t i o n  process would no t  be  seen  a t  

however, t h a t  Waech's ca l cu lac ion  r e f e r s  t o  a p e r f e c t  alignment of 

oven s l i t ,  beam s t o p ,  and d e t e c t o r .  En t h e  p re sen t  work, t h e  beam s t o p  

w\$s occasional ly  moved by enough t o  change t h e  r a t i o  over a rpnge 

= 0. The au tho r  f e e l s ,  

' 

A\ihax = 9. This problem i s  one t h a t  needs t o  b e  i n v e s t i g a t e d  more 

thoroughly i n  t h e  f u t u r e ;  one way would be  t o  scan t h e  v e l o c i t y  range 
v 

t r ansmi t t ed  wi th  t h e  v e l o c i t y  s e l e c t o r ;  i t  should '  s e p a r a t e  s i g n a l  from 

e x c i t a t i o n  and deexc i t ac ion  processes.  

I n  summarys an inc rease  f n  t h e  r a t i o  1 /I for CSP has been l o  

observed when t h e  CsF beam i s  a t t enua ted  by s c a t t e r i n g  gas.  The e f f e c t  

i s  s m a l l  and has  a l a r g e  u n c e r t a i n t y  i n  fts magnitude. An at tempt  has 

been made t o  show t h a t  t h i s  e f f e c t  could arise from p r e f e r e n t i a l  

d e t e c t i o n  of v i b r a t i o n a l  e x c i t a t i o n  over t h e  (more probable) d e e x c i t a t i o n  

process ,  I n  o rde r  t o  say anything more d e f i n i t e ,  considerably more 

(and b e t t e r )  d a t a  i s  needed, i n f o m a t i o n  from systematic v a r i a t i o n  of 
. I  

both op and VCsF. 
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E. F igures  

Figure 1. 

This f i g u r e  shows recorder  cha r t  t r a c i n g  of frequency scans  of t h e  

Chart t r a c i n g  .of t h e  d i rec t  CsP beam. 

I 010) and 110) i n t e n s i t i e s ,  Frequency markers t o  l o c a t e  the 

scale f o r  t h e  peaks, are as follows: a = 11.018, b = 11.020, c = 90.948, 

d = 10.950 ( a l l  i n  GHz) 

upward i n  frequency, s t a r t i n g  j u s t  below t h e  low-frequency edge of t he  

t r a n s i t i o n .  

d i s t o r t e d  from t h e i r  t r u e  shapes ( f e e . ,  too  s t eep )  because t h e  frequency 

sweep w a s  begun a t  a r ap id  rate (9 3MHz/minJ , then reduced t o  b.8  MHz/ 

min, as t h e  maximum w a s  approached. The peak was scanned through, and 

then t h e  k lys t ron  w a s  tuned up on another  peak. 

The scans are made wi th  t h e  k lys t ron  sweephg 

The Low-frequency s i d e s  of t h e  peak scans may s o m e t h e s  b e  

I 

Two f e a t u r e s  are t o  be  noted. F i r s t ,  the "ZERO" is t h e  e l e c t r o n i c  

no beam" zero of t h e  BSD (lock-in ampl i f i e r ) .  It is from t h i s  l i n e  

Second, t h e  arrowheads p o h t  to 

1 1  

t h a t  t h e  peak he igh t s  are measured. 

s i d e  peaks due t o  two unresolved hyper f ine  levels, f e e . ,  Fp = 912 and 

7/215 of t h e  133Cs19F, which ( toge ther )  are p a r t i a l l y  resolved from 

t h e  Fl = 7/2 level ( t h e  main peak). 



t t F 
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Figure 2 ,  Chart t r a c i n g  of a r t enua ted  CsF beam. 

This  c l u s t e r  of d a t a  f o r  a CsP beam a r t enua ted  by - ea, 27% by C02 

is t r a c e d  from t h e  chart of t h e  experiment o f  t h e  same day as Pig. 1. 

The d i r e c t  (unattenuared) I O J . 0 )  CsF beam appears n o i s i e r  than it 

a c t u a l l y  is due t o  t h e  narrowness of t h e  peak and t h e  d i f f i c u l t y  of 

s e t t i n g  t h e  k l y s t r o n  t o  an exact: frequency mechanically. 

no i se  disappears  when t h e  k l y s t r o n  frequency is swept mechanically 

Thxs c l u s t e r  of d a t a  2s thar marked C02 ( 6 )  on Fig.  13. 

i n  Fig. 1, t h e  arwmheads denote t h e  p a r t i a l l y  resolved hypprf ine 

s t r u c t u r e .  

Much of t h i s  

Note t h a t ,  as 
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Figure 3 .  Peak shapes as a func t ion  of microwave power level. 

This  f i g u r e  is a p l o t  of t h e  apparent i n t e n s i t y  of I 010)and 

1llO)as a func t ion  of t h e  microwave frequency f o r  t h r e e  d i f f e r e n t  

microwave power levels (del ivered t u  t h e  r eg ion  of t h e  molecular beam): 

Curve A: 2.8  m 

Curve B:  1.4 mw 

Curve C:20 .3  mw 

These apparent widths at h ighe r  power levels probably depend g r e a t l y  

on t h e  r e f l e c t i o n s  i n  t h e  waveguide, as w e l l  as t h e  power level i t s e l f .  

The A and B curves are thus no t  t o  be  considered as accura t e  power- 

broadened peak shapes,  b u t  i n s t e a d ,  examples of t h e  in f luence  of increased 

power and r e f l e c t i o n s  on t h e  l inewidth.  
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Figure 4 .  Detector  assembly. 

A. Exploded view of d e t e c t o r  system, The numbered p a r t s  are as 

follows: 1, i o n i z e r  and e l e c t r o s t a t i c  ( e i n z e l )  l e n s  assembly (descr ibed 

below), 2 ,  l i q u i d  n i t r o g e n  cold t r a p  i n t o  which t h e  i o n i z e r  f i t s .  (The 

cold t r a p  has an en t r ance  h o l e  f o r  t h e  beam and a n  e x i t  h o l e  f o r  t h e  

un-ionized CsP t h a t  misses t h e  wire:) 3, tube covering t h e  quadrupole 

mass spectrometer .  The arrow p o i n t s  t o  t h e  en t r ance  of t h e  mass 

spectrometer.  4 ,  exi t  end of mass spectrometer .  5, s e c t i o n  which b o l t s  

onto l o c a t i o n  4 and which con ta ins  a second e i n z e l  l e n s  (seen i n  t h e  

photograph) which refocuses  t h e  mass-selected i o n s  onto t h e  Bendix M306 

e l e c t r o n  m u l t i p l i e r  l oca t ed  i n s i d e  housing 5. 

B.  Close-up view of i o n i z e r .  The cons t ruc t ion  of t h i s  assembly 

w a s  a p a r t  of t h e  Ph.D. t h e s i s  work of R. J. Beuh1er.l' 

supersedes Photographs 8 and 9 of Ref. 10 and Figs .  VC.3 and VC.6 of 

This  photograph 

' L Ref. 9b. The arrow p o i n t s  t o  t h e  two s u r f a c e  i o n i z a t i o n  "hot wire" 

i o n i z e r s .  

o the r  is  a 0.025 mm t h i c k  x 1.1 mm wide r ibbon composed of 92% P t  - 8% W. 

Prom top  t o  bottom, t h e  l ens  elements and qpproximate ope ra t ing  v o l t a g e s  

wi th  r e s p e c t  t o  ground are: 

One is  a 0.25 nun d i a .  W w i r e  used i n  t h e  p re sen t  work; t h e  

o - grounded p l a t e  O V  

i - o u t e r  e i n z e l  l e n s  element 45 v 

o - i n n e r  e i n z e l  l e n s  element - 270 v 

g - o u t e r  e f n z e l  l e n s  element -t- 45 v 

r - r e p e l l e r  -t- 50 v 

I n  a d d i t i o n ,  t h e  d e t e c t o r  wire i t s e l f  is operated at a t y p i c a l  

vo l t age  of -!- 35 v. 
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A 

B 

Figure 4 
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Figure 5 .  Beam sources .  

A. The CsF oven disassembled. P i eces  1, 2, m d  3 b o l t  t oge the r  

t o  form t h e  v a i n  bady of the oven w i t h  t h e  positQxa pf t h e  s l i t  shown by 

t h e  arrow. 

sample. 

too-rapid heat$ng causes blsbblitlg w i t h i n  fhq sample. 

d i f f e r e n t  "splash p l a t e s "  (a f u r t Q e r  p r o t e c t i a n  againpt: ,a clogged s l i t )  

placed between p i l l  box and s l i t .  

s t a i n l e s s  steel. F9r s l i t  dimensions, see Fig. 7 .  

Pieces  4 comprise a monel. " p i l l  boa" which holds  t h e  CsF 

Its purpose is t o  prevent t h e  CsF lfroiu c$ogging the  s l i t  i f  

Pieces  5 are two 

Except for 4,  the e n t i r e  oven is 

B .  Secondary beam pource, The scatrering g a ~  f o r  $be crossed 

beam enters t h e  f a r  end of thg Cube which i s  p r e s s  f i t t e d  i n t o  a vacuum- 

t i g h t  13pp cornipg through che chgmbey wall, 

is  an a r r a y  of c a p i l l a r y  tubep, dgspribsd more ful3,y iq t h e  legend f o r  

Fig. 7 .  The arrow poincp t o  a p l a t e  t h a t  s h i e l d s  thg  ends of t h e  cap- 

i l l a r y  holes from being clogged by CsF e f fus ing  ob l ique ly  from i ts  oven 

s l i t .  (For a b e t t e r  i l l u s t r a f i a n  of thls, gee Figs.  6B and 7). 

The outpuj; end of t h e  source 



69 

A 

B 

Figure 5 



70 

Figure 6. The s c a t t e r i n g  system asseqbled. 

A. CsF oven and Grossed beam souree assembled i n  t h e i r  normal 

p o s i t i o n  on t h e  f l ange .  

of screws and s t andof f  p ins .  

be fo re ,  is  he ld  i n  p l a c e  by a "press" Zit i n t o  t h e  f lange.  

denoted by t h e  arrow s h i e l d 9  t h e  c a p i l l a r y  a r r a y  fro@ ghe CsF beam. 

The oveq is h e l d  i n  p o s i t i o n  by a combination 

The secondary beslm source,  as noted 

The p l a t e  

B. Another view of t h e  s c a t t e r i p g  assembly. Numbered f e a t u r e s  

are: 1, t h e  oven sl i t .  Here one cam seq aga in  the p;l@te tha t '  s h i e l d s  

t h e  c a p i l l a r y  a r r ay .  

h e a t e r s  t o  e x t e r n a l  connections.  3, a similar boron n i t r i d e  block €or 

2, boron n i t r i d e  t e rmina l  bloc& fo r  a t t a c h i n g  oven 

connecting thermocouple l eads .  

s h i e l d  f o r  t h e  h o t  oven, 

4 ,  a bronze cy l inde r  s e rv ing  as a thermal 
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Figure 7 .  Drawing of t h e  s c a t t e r i n g  system. 

Shown is a 2X scale drawing of a s i d e  view of t h e  beam systems 

and s c a t t e r i n g  cen te r .  The CsF (Alfa Inorganics ,  Inc.) e f f u s e s  from 

t h e  0 . 2 5  mm x 5 mm h o r i z o n t a l  s l i t  from a f a i r l y  s tandard s t a i n l e s s  

s teel  oven. The CsF c r y s t a l s  are loaded i n i t i a l l y  i n t o  t h e  monel 

r e s e r v o i r  ( " p i l l  box") p i c t u r e d  2x1 Fig.  5A; t h i s  h e l p s  t o  prevent 

clogging of t h e  s l i t .  The CsF beam is defined by the co l l ima to r  

0 
opening t o  the &pole A-field which subtends a 0.97 

s l i t .  

(see F igs .  5A and 6), %,e., p ro tev t ing  t h e  c a p i l l a r y  a r r ay .  

f aces  a l a r g e  l i q u i d  ni tyogen coo1ed s u r f a c e  (ngt shown i n  t h e  drawing), 

a p e r t u r e  a t  t h e  

The l i g h t  dashed l i n e  i l l y s t r a t e s  t h e  fupctiop of t h e  s h i e l d  

The CsF 

2 .85  crn from &he s l i t .  

The c a p i l l a r y  a r r a y  is  a Byunswick Co1Limag;ed W Q Z ~  S t r u c t u r e ,  

sample #2, having 41% transpareqcy wi th  tubes 3,0 mtn long and nominal 

r ad ius  0.025 mm, 

x 1 . 7  mm, w i th  t h e  long dimensioq perpendicular  $p t h e  d i r e c t i o n  of t h e  

CsF beam. 

e n t i r e  width of t h e  CsF beam (See Fip.  6 A ) .  

The cross s g c t i o n a l  open area of t:4q a r r a y  is  5 . 8  mm 

This  o r i e n t a t i o n  provideg uniform a t t e n u a t i o n  over t h e  



a 

i-. 
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Figure  8. Components of t h e  microwave sys tem,  

A ,  Various  components of t h e  microwave sys tem.  Numbered f e a t u r e s  

are: l, f l e x i b l e  h o s e  from f a n  f o r  a i r - c o o l i n g  t h e  k l y s t r o n .  2, Varian  

X-13 k l y s t r o n  and worm g e a r  d r i v e ,  p a r t i a l l y  obscured by a Hurst Synchron 

ll2RC motor (one r e v o l u t i o n / h r , ) .  

i s o l a t o r .  4 ,  PED Model l95B v a r i a b l e  a t t e n u a t o r .  5, Homemade microwave 

chopper (25 Hz) i n  a n  air  gap i n  t h e  wavegukde, 

I n s ,  motor #53All%-2 which powers t h e  chopper is mounted on t o p  of a 

Po la rad  Ca-Ks ho rn  an tenna  which r e c o l l e c t s  t h e  modulated microwaves. 

6 ,  Hewlett-Paekard X752C d i r e c t i o n a l  c o u p l e r ,  The main channe l  ends 

(off t h e  r i g h t  of t h e  p i c t u r e )  i n  an  Andrew 55000-95 p r e s s u r e  window 

which i s  j o i n e d  t o  a waveguide e n t e r i n g  t h e  vacuum chamber and t e r m i n a t e s  

3, Mferolab/FXR Model X157A F e r r i t e  

The Globe I n d u s t r i e s  

*.' i n  a n o t h e r  P o l a r a d  Ca-Ks ho rn  2.3 cm from t h e  molecu la r  beam. The 

l0dB s i d e a m  of t h e  d i r e c t i o n a l  c o u p l e r  t e r m i n a t e s  i n  a Hewlet t -Packara '  

Model M532A wavemeter and Hewlet t -Paekard M424A c r y s t a l  d e t e c t o r .  (See 

P ig .  10 f o r  a b l o c k  diagram of t h e  microwave sys t em) .  

. B. K l y s t r o n  and f requency  sweep assembly. The o u t p u t  of t h e  

1 kev /h r  motor goes to a 50:9 worm g e a r  assembly,  whose l a r g e  d r i v e n  

g e a r  can b e  seen a t t a c h e d  t o  t h e  c a v i t y  ad jus tmen t  micrometer  screw. 
.. *' 

T h i s  a2eangement r e s u l t s  i n  P scan  rate of 0.8 MHz/min. 
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Figure 9. Two views of microwave mechanical modulation system. 

A .  V i e w  of t h e  microwave chopping wheel from t h e  k l y s t r o n  s i d e .  

Numbered f e a t u r e s  are: 1, t h e  end of t h e  PRD v a r i a b l e  a t t e n u a t o r  and 

t h e  beginning of t h e  a i r  gap i n  t h e  k lys t ron .  

3 ,  l i g h t  bulb whose chopped output  provbdes a r e fe renca  s i g n a l  f o r  t h e  

PSD 

2,  t h e  chopper wheel. 

B. V i e w  from t h e  o t h e r  s i d e  of t h e  chopper. Numbered f e a t u r e s  

arb: 4 ,  p h o t o c e l l  which senses  t h e  chopped Light from t h e  bulb and 

whose output  serves as a r e fe rence  s i g n a l  f o r  t h e  BSD. 

Ca-Ks horn antenna which r e c o l l e c t s  t h e  chopped microwaves f o r  t r ans -  

mission i n t o  t h e  vacuum system. 

5 ,  Polarad 



w
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Figure LO, Block diagram of mic-zowave s y s t e m .  

This  drawing shows t h e  arrangement of &ha va r ious  components of 

Most of. t h e  system is descr ibed in t h e  legend t h e  microwave system, 

of Fig.  8. The oscflPatsr,  amplifier and motor drive &or frequency 

sweeping t h e  k lys t ron  are deser lbed in Sect ion  1El IC .3 ;  t h e  mechanical 

chopping assembly f o r  t h e  microwave beam is desr,ribsd ;tit Section ET€C,Zr,  





SO 

Figure 11. R.  ve r sus  t i m e  ( J a n ”  2 4 ,  L970),  
I 

Resu l t s  of t h e  experiment of J an .  24 without  t h e  crossed beam, 

i o e o ,  CO 2 

t h e  chamber w a l l ) .  

CsF beam; t h e  t r i a n g l e s  i n d i c a t e  r a t i o s  measured w i t h  t h e  CsF beam 

added t o  t h e  s c a t t e r i n g  chamber d i f f u s e l y  (through a ho le  i n  

The c i r c l e s  denote t h e  Il/Io rat io  f o r  t h e  d i r e c t  

a t t enua ted  by s c a t t e r i n g  gas. A s  noted i n  t h e  t e x t ,  t h e  two po in t s  a t  

each t i m e  t are a r e s u l t  of independent chart readings.  i 
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Figure 13, R. versus t i m e  (Mar, 20, 197Q). 
1 

Results of another  experiment. I n  eonerest: t o  the  first; two 

( s c a t t e r i n g  gas)  experiments of Figs. 11 and 12, the crossed beam 

arrangement of Pigs. 6 and 7 was used here .  Otherwise, as i n  Pig. 3.1. 





Figure 14. R .  versus  t i m e  (Mar. 1, 1970). 
L 

Resu l t s  of another  experiment,  u t i l i z i n g  l , l , l - t ~ f c h l o r s a f h a n e  and 

argon i n  t he  crossed beam conf igu ra t ion  of F igs .  6 and 7’o 

as i n  Fig.  13. 

Otherwise, 
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Figure 15. Veloci ty  voctsa: diagram for CsP-CO s c a t t e r i n g ,  2 

This  Newron diagram i l l u s t r a t e s  t h e  circles (spheres)  hat d e f i n e  

t h e  locus of t h e  CsF c e n t e r  sf; mass velocities a f t e r  c o l l i s i o n  with 

CO2* The i n i t i a l  laboratory v e l o c i t y  of t h e  CsP (502 mlsec) corresponds 

t o  t h e  nomfnal v e l o c i t y  t r ~ n s ~ ~ t ~ ~ d  by the four-pole f i e l d s  under t y p i c a l  

operat ing cond i t ions  ( see  Sersrisn IVD"2)- Hereg OC denotes the mast 

probable v e l o c i t y  ( 3 3 6  mbsec) of CO a t  room temperature, The circles 2 

marked "exc i t a t ion"  and "deexcftaticsn" deffne p o s t - c o l l i s i o n  CSF which 

has  acquired ox l o s t ,  r e s p e c t i v e l y ,  a v i b r a t i o n a l  quantum 05 energy 

from t h e  a v a i l a b l e  re la t ive k i n e t i c  energy 

circle i s  e s s e n t i a l l y  tangent co che d i r ec t  (laboratory) CsF v e l o c i t y  

vec to r .  For a d e t e c t o r  angle s 0 chis anhanccs the inelastic 

s i g n a l  due t o  e x c i t a t i o n  by a phenomenon known as "Jacobian cuspirag" 

( see  text,  Sec t ion  ZVD,:! and Pig. 16) .  

Note t h a t  t h e  "excit%rion*' 
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Figure 16, Fac to r s  inf luencing enhanced d i t e c t i o n  of e x c i t a t i o n  process .  

Sect ion LVD.2 of this work (or E q .  38 o f  Ref. 30) i n d i c a t e s  t h a t  

t h e  r a t i o  f o r  d e t e c t i o n  of e x c i t a t i o n  t o  that of d a e x c i t a t i o n  processas 

i s  p ropor t iona l  t o  ( ) x  /cos I& 1 1 cos J, I 0 Here, w' j. is t h e  

cen te r  of mass r e c o i l  v e l o c i t y  fo r  inelast5.c process i, and 

angle  between W; and 09 This f i g u r e  attempts %;o d ia f ingv i sh  t h e  
/ 

'1 e f f e c t  from %he angular ( 1 effecz. 

d i s  t h e  angle  t h e  d e t e c t o r  makes w i t h  t h e  s c a t t e r i n g  

cen te r ,  zero angle  coinciding with the CsF besun ( i n  t h e  p re sen t  work, 

= 0). Now consider khe d e t e c t o r  set a t  angle i n  rhe f i g u r e  d 

and subtending t h e  angle  ind ica t ed  by t h e  s h o r t ,  heavy arc. A larger 

b) f r a c t i o n  of t h e  e x c i t a t i o n  process ( ind ica t ed  by angular  range d 

is  received by t h e  d e t e c t o r  than t h a t  of deexc i t a t fon  (d 

e f f e c t  i s  due l a r g e l y  to t h e  W 9  f a c t o r  - t h e  e x c i t a t i o n  sphere is  

smaller and a given l abora to ry  s ' s l i ce l '  ou t  of v e l o c i t y  space ( i - e . ,  a 

given s m a l l  arc subtended by t h e  d e t e c t o r )  corresponds t o  a l a r g e r  

s o l i d  angle  f o r  t h i s  process.  

A t  t h e  W 9  f a c t o r  is  s t i l l  p resen t .  Now, however, t h e  

f a c t o r  becomes important. Obviously, t h e r e  is  a d i f f e r e n t  

va lues  f o r  both i n e l a s t i c  p rocesses ,  but only t h e  median 

va lue  i s  i l l u s t r a t e d  h e r e  ( ). Note t h a t  is  smel.1 and 

% \ On t h e  o t h e r  

This i l l u s t r a t e s  t h e  f u r t h e r  enhancement o f  d e t e c t i o n  of t h e  e x c i t a t i o n  

process due t o  "Jacobian $usping", 
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Figure 17. E f f e c t  of CO v e l o c i t y  d i s t r i b u t i o n  on i n e l a s t i c  s c a t t e r i n g  2 

kinematics e 

The "Jacobian cusping", i,e. t h e  tangency of t h e  r'excritations' 

c i rc le  noted i n  Fig.  16,  i s  almost independent of the secondary beam 

v e l o c i t y .  Shown h e r e  are t h e  l o c i  of i n t e r s e c t i o n s  of t h e  various 

e x c i t a t i o n "  and "deexci ta t ion" circles near  z 0 e 
Over t h e  whole I f  

range of t h e  GO v e l o c i t y  d i s t r i b u t i o n ,  t h e r e  is e s s e n t i a l l y  complete 

coalescence of t h e  tangents  f o r  t h e  t.F = 4- f circles, leading to a 

s i g n i f i c a n t  o v e r a l l  "Jacobian cusp" enhancement of t h e  observable 

2 

s i g n a l .  (For an a n a l y s i s  of t h i s  coalescence effect, see Sec t ion  

IVD.2:.) Values of Vco of 0 . 4 8 d .  and 1.64..C correspond t o  the h a l f -  

i n t e n s i t y  v e l o c i t i e s  f o r  thermal CO 
2 

2' 
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T. T .  Warnock and R e  B. Bernstein,  J. Chem. Phys. 2, 1878 (1968). 

D.  A. Micha and M. Rotenberg, Chem. Phys. Letters 6 ,  79 (1970). 
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V. SUDDEN APPROXIMATION I N  ATOM-DIATOMIC SCATTERING 

A. In t roduc t ion  

The experimental  s e c t i o n  of t h i s  t h e s i s  w a s  mainly concerned 

with v i b r a t i o n a l  i n e l a s t i c i t y  i n  low energy s c a t t e r i n g .  The next t w o  

chapters  d e a l  w i th  r o t a t i o n a l l y  i n e l a s t i c  c o l l i s i o n s .  Chapter V (with 

appendix) i s  a r e p r i n t  of published work u t i l i z i n g  t h e  sudden approxi- 

mation t o  c a l c u l a t e  t h e  angular  and energy dependence of i n e l a s t i c  

c ros s  s e c t i o n s  f o r  diatomic molecules c o l l i d i n g  with atoms. The 

numbering of pages, equations,  and r e fe rences  w i t h i n  the r e p r i n t  i s  

self-contained.  
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Reprinted from Trrs JOURNAL OP CX~I$MXAL PUYSXCS, vel. 47, No, 11, 4419-4426, E December 11967 
td $n 0. I A. 

The sudden approximation for rotational excitation of diatomic pol& molecules by atomic impact is 
applied, yielding semiclassical angular distributions of rotational transitibn cross sections and their energy 
dependence. The results for a model system (intended to approximate TlF-Ar) are not inconsistent with 
the experimental findings of Toennies, The dominant excitations are those allowed by first-order time- 
dependent perturbation theory, but the strong coupling (due principally to the large long-range anisotropy 
in the potential) produces extensive excitation to remote open channels, i.ee7 those forbidden by tow- 
arder perturbation thqory. The main prediction of the present work 3s the presence of a single major peak 
in each of the varioud differential polar inelastic cross sections; with increasing collision energy7 these 
maxima trend to smaller angles and increase in peak intensity. 

I. INTRODUCTION 
In Paper 111 the sudden aflproximation was applied 

to the computation of rotational transition probabilities 
and inelastic integral cross sections for the scattering 
of polar diatomic molecules by atoms. The calculations 
were based upon a modified L-J (12,6) potential 
which included both short- and long-range anisotropies. 
The results showed that at thermal energies the long- 
range anisotrQpies (principaily the R-' cos3@ dipole- 
quadrupole term) were of principal importance in 
dctcrrnining the inelnRticity. Jn the prcscnt work, 
these comput;itions have been cxtcndcd to yield the 
angular distributions';of the various rotational excita- 
tion cross sections and their energy dependence. The 
results have relevance to the olecular-beam measure- 
rnents by Toennies 2 o f (par t i8  inelastic cross sections 
for the T1F-rare-gas systemsi 

'This research received financial support from the National 
Aeronautics and S ace Admipistration Grant NsG-275-62. Report 
WIS-TCI-240, Ju& 1967, gtves a more detailed account of the 
present work. 

Chem. P 
(19M), hereafter referred to RS Papkr 11. $or Paper I 
Phys. 40,200 (1%). For commcnts on the validity 
spproximstion B plied to the rotational excitation robfern, see 
P. Pechukas sn8J .  C. Light, J. Chem. Phys. 41.4, f.97 (19666). 

(a) J. P. Toennies, 2, Physik 182, 257 (196s). (b) For his 
original ( reliminary) report, see Discussions Faraday SOC. 33,% 
11962); ? c) Akrmlc CdWm P~occsscs, M. R. C. McDoweli, Ed. 
North-Holland Pubi, Co,, Amsterdam, 196311, p. 1113, 

I 

1 R. B. Bernstein and K. H. Kramer, 

The present status of the various theoretical ap- 
proaches to the rotational excitation problem have 
been reviewed by Takayanag?; more recent and 
relevant papers include those of Toennies? of Gordon 
and collaborators," and Dalgarno and coworkers? 

li%. ~ ~~~U'EA'EIQN OF THE 'E 
PROBABILITIES 

The method' of I1 was used throughout. To allow 
smoother inteipolation, additional values of thi: action 
integrals S(n, ,  p ,  g) and deflection angles x(b*,  E*) 
were compute$ at finer intervals in tlic impcrrtnnt 
regions of the tedziced impact parameter b* (for rcduceci 
energies E* of 1, 3, 10, 30, and 100). The transition 
probabilities ~,,(ZI*, E*) for the excitation from state 
j ,  m q a  toj', v4q9 were computed as before from these 
action integrals via Eq. (14) of Paper 11 for qssigned 
values of az, at, bz, and c, the anisotropy parameters. 
For all of the @went calculations, the de Boer quantum 
parameter A*  was fixed at  0.1. 
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TABLE I. Kcctuc-cd inclasstic cross sections for transitions from thc 00 state and the IO state. Parmetea: f d  set. -___ ____I . __ - -I-_ ~l_______-ll__-__ll - ._ -- - 

- -y_ 

E” --- 
UQ f 3 10 30 f 00 

A. 00 state (entries arc eithcr upmt,~Qr or up,~,o* *) 

iffit’ = 10 0.005s 0.002* 0.000s 0. oooa 0.0002 
11 0.371 0.322 0.268 0.225 0.184 

j)= 1 0.748 0.646 0.537 0.450 0.368 

g w  = 20 0.097 0.089 0.079 0.071 0.0g3 

22 0.236 0.232 0.211 0.180 0.152 
21 0.017 0.0098 0.0040 0.003, O.OGfs 

j’=2 0. GO3 0.571 0.510 0.438 0.371 

j’m’ = 30 
31 
32 
33 

j ’ p 3  ~ 

J’m’=40 
41 
42 
43 

0.010 0.0049 0.0011, 0.0031 0.0036 
0.036 0.035 0.029 
0.013 0.0022 0.00% 
0.073 0,060- 0,040 

0.253 0.197 0.144 
0.018 0.019 0.017 0.019 0.015 
0.014 
0.023 
0.012 

0,002s 
0.022 
0.000n 

j ’ ~ 4 b  0.426 0.077 0.0g5 

ZUjrn’.OOQ I. 720 I .  323 0 .948 

Zuj*m~,oo*/~ine’t,O~* .0.341 0 . m  0.433 

j’m’=11 0.010 0.0056 0.0029 0.002, 0.0009 
j’m‘ = 20 0.017 0.0072 0.0056 0.0030 0.0028 

21 0.285 (0.257 0.220 0.188 0.657 
22 0.005s 0.002& 0. ow, O.OOO* 0.004 

7 - 2  I 0.597 0.526 0.447 0.379 0.317 
j‘mf=30 0.089 0.087 0.083 0.078 0.074 
Qln*l.lo* 4.57 3.68 2.92 2.35, 1.88 

u,na1,00* 5.04 4.13 3.31 2.73 2.19 

IB. 10 state (entries are either q l j r m r , 1 0  or  up.^^) 

~- 
a All entries have been corrected for the contribution of the “tail” of a@*) above 6’-3. 

The summed value for 0 4 , O U *  is low because of the omission of ucc.oo*. 

The estent of the coniputations was as follows: 

Type (a) : “Full parametrization,” designated “full 
set,” Le., both long-range anisotropies (a2=0.3, 
c=2.0) and short-range (bl=b2=0.5) .  For a=OO and 
@GOO, 10, 11, 20, 21, 22, 30, 40, and €or a=10 and 
@=lo, 11, 20, 21, 22, 30, the calculations were per- 
formed at E*=l, 3, 10, 30, 100. For a = O O  and p=31, 
32, 33, 41, 42, 43; at E*==1, 10, 100. 

Type (b): Long-range anisotropies only, i.c., a2=0.3, 
c=2.0, bl=bz=O.O. For a=OO and p=OO, 10, 11, 20, 
21, 22, 30, 40, and for a = 1 0  and p=10, 11, 20, 21, 
22, 30, the calculations were performed at E*= 1,100. 

T-ype (c) : Short-range anisotropies only, Le., aZ=c= 
0.0, bl=b2=0.5. Computations as for Type (b). 

The differential ineiastic ’cross 0 I S 

tained’ (within the semiclassical framework) from the 
7 See Paper I; also J L. J. Rosenfefd and J. ROSS, J. Chem. Phys. 

44, 188 (1966). 
FIG. 1. Plots of ~ ‘ ~ ‘ I I N I  vs b* for the full set of anisotropy 

parameter8 and for reduced energy E*= I, 3, 10, 30, 100. - 
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PARAMETERS 

BE P 
0.1 

2 B" 0 I i 

transition probabilities by means of an inventory over and 
the 1, 3, 5 ,  branches of the classical dedectiorn 
function x(b*, P). At  reduced energies E*> 1, no more 
than three branches are obtained, so that the differ- 
ential inelastic polar angle cross section &pa(x)/dx 
is given by 

2~ s ~ x ~ x ~ ~ ~ * ( x ) / ~ J ~  [&dx) / ~ x $ x  

2wb4P&t( h) dbr ( 1) 
t.1 

(2) 
~ C B ~ "  ( X) 

dX 
* &*Poa ( bi*) -- 

-2  5 I dx/dbi" I ' 
where qBU* i s  the usual reduced cross section, Le., in 
units of q r u ~ ~ .  (For TlF-Ar, this quantity is estimated 
to be 4 5  k,) The values of dx/dbg* were obtained 
by numerical (quadratic) differentiation of the x(b*) 
table available from IT (pius additional calculated 
values), except at suitab%y low angles where the 
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0.tl 

3 P 
0.0 

Q 
0.1 

$P 
0.07 

0 

t I 

PARAMETERS: 
FULL SET IO 

PARAMETERS: 
FULL SET 

acmrate analytical fornis 

I dx/db* I Si4574 b*)+( E*)-' (3) 
was used directly. 

Thus, for each desired value of the center-of-mass 
deflection angle x, the appropriate values of bP,  
I dx/dbi* I ,  and &~*Pp,(bi*) were obtained by inter- 

(a) From the Konnnrd low-angle Rpproximation, exprussed in 
the present notation. (b) R. B. Rcmstcin, Yakeculur Beams, 
J. Ross, Ed. (John Wiley & Sons, Inc., New Yo&, 1866), Chap 3, p 81, 

polations and employed in E¶. (2) to yield &pa*(x)/dx 
at the specified energy E". 

At the same time, it was convenient for comparison 
to calculate the differential elastic cross sections which 
would have been obtained on the assumption of no 

9 For large b*, E* (e.g,, 23, 210, rcspcctivety); first-order 
crtupbation-approximatcd values of (b*) were adequate. 

these ti proximate cnlculstiane of P & ( ~ ) ( v )  were more convenient 
to use &an those obtnincd by interpolation from tabla of cslcuw 
lntxf ( V ~ R  @ho fut! euddcn n ~ p ~ x ~ ~ n t i o n )  P's, 
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FIG. 4. Plotsof b*Pdoao and b*Puon 
vs b*. The values of b*Puao are plotted 
for Pel, 10, 100; otherwise & in 
Fig. 1. 

0.N 

inelastic scattering, i .e., 

El* P 
ao 

PARAMETERS: 
FULL SET 

%2oC 

A IO 

I 

This calculation [Eq. (4), using the present values of 
dx/&i*] gave results in agreement with those obtained 
from Desai’s’o values of the Mason” scattering function 
P ( X ,  @I: 

(dg*/dx)null= 7.ox r0~(~*)-”8~‘~~-4/(~, E*). ( 5 )  
R. C. Desai, J. Chem. Phys. 44, 77 (1966). 

IIE. A. Mason, J. Chem. Phys. 26,667 (1957). 

A slight problem arises with respect to the very low 
angles, Le., the “quantum region” x <@,,it, where Barit 

is some critical angle below which the classical treat- 
ment is invalid?b In the present case, for an L-J (12,6) 
potential, 

where the total cross section Q has been approximated 
by the Schiff-Landau-Lifshitz (SLL) equation 
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B* I 

0 

0.1% 

d P  
IxbT 

0 

PARAMETERS: 
~ FULL SET 

For A*=O.l and E*>& B,,it50.43 deg. Thus the 
present computations were not carried below 4 deg. 
(However, it might be possible to extend them to 
smaller angles using a recently developed low-angle 
quantum treatment.12) It should be noted that within 
the framework of the present treatment [from Eqs. 

1 K. H. Kramer, "Rotational Excitation and Small Angle Molec- 
ular Scattering in the Sudden Approximation," Rept. WIS-TCI- 
212, January 1967. Here it is also pointed out that the conclusion 
of 1 regarding the zero-angle limiting behavior of the differential 
inelastic cross sections is in error; h t e  values at x= 0 are indeed 
possible. 

, 

(2),  (3), ,the Appendix of this paper, and Eq. (9) of 
Paper I], dO;e,*/dx+-O as ~ 4 0 ,  regardless of energy. 

In transforming the results of b*P~,(b*) to 
dupi*(x),fdx, the additional weighting of the iong- I 

range contribution [via the denominator of Eq. (2)] is 
expected to emphasize the outermost peaE in b*P( b") , 
thus resulting in a very simple angular1 distribution 
function peaking at  fairly low angles (see Results). 

w. InELASTIC CROSS S ~ ~ ~ ~ ~ ~ S  
The inelastic integral cross sections were obtained 

by nume6caI @ixnpson9s rule) and/or graphical inte- 
--. 



graeioii of the b*PbOL(b*) curves: 

qe"(P) = 2 Lrn b*P@rr(21$p E") &** (8) 

(In practice, the region of integration was Iiinited to 
4).5~b*<4.0, encompassing 299% of the cr&ss sec- 
tions.) As a check, these cross sectimns may d s t l  bc 
obtained from the inelastic angular ~ i ~ ~ ~ ~ ~ ~ ~ i o n ~  via 
the identity 

0 1  

(Once again, the actual range of integration used was 
limited, here from 0°5x-<400, also encompassing 
299% of upa*.) The results were found to agree within 
3%. The more precise results are believed to be those 
obtained from the Simpson's rule integration uf 
b*Ppa(b*) ; they are presented in the Results section. 

v. RESULTS 

, Energy Dependence of Cross Sections 

Table LA gives the results of computation of the 
partial integral cross sections upe* for a=OO, @=IO, 
I f f ,  20, 2&1, 2&2, 30, 40 for P=1,  3 ,  10, 30, 100; 

IO 100 

FIG. 6. Log-log plot of the energy dependence of the various 
Q B ~ *  for w=OO and fuIl set of parameters. Entries denoted by 
d ~ m ' 0  are 2u*j~m~00. The calculated points are connected by 
straight lines. The calculated points are connected by straight 
lines. The (E*)-"d reference line (arbitrarily placed) represents the 
energy dependence of the totali inelasticity. 

I 
\ 

0 2 4 
8"' 

FIG. 7. Incrementa1 contributions to Pin,r.0J(b*)2J fromi'-I, 1, 
3,4, for fuil set of parameters; E*== 1. 

arid p=3,t l ,  3&2, 3&3, 4f%, 4 f 2 ,  4 1 3  for P = 1 ,  
10, 100. Table 1.B lists the up,* for cy= 18 and @ = l f l ,  
20, 2&9, 2 f 2 ,  30 for the same values of Ere 

Figures 1-4 show the energy dependence of the 
transition probabilities €or the hiportant transitions 
from the a=OO state, i.e., plots of b*P@Jb*) for fixed 
values of the anisotropy parameters and for various 
states 8. Figure S illustrates the same effect for two 
transitions from the cy = 10 state. 

Figure 6 shows the energy dependence of the in- 
elastic cross sections for a=OO. Figure ? illustrates the 
incremental contribution of each individual A j  transi- 
tion probability to the total inelastic transition prob- 
ability from cu=OO. (Note that in Fig. 7 and Table LA, 
the entries for 4j=4 are inconipIete due to neglect of 
the transitions 00+4&4.) 

Figure 8 shows the dependence of the 2200 transition 
probability on the anisotropy parameters. In both 
cases, the plots compare ( f )  fuI1 parametrization: 
a z ~ 0 . 3 ~  c==2.0, b~=bz=O.S; (1) long-range anisotropy 
only: az=0.3, c=2.0, bl=bz=O.O; and (s) short-range 
anisotropy only: a~=c=0.0,  bl=bz=O.S,  The upper 
and lower plots compare behavior for P=i and 100, 
respectively. 

B. Angular Distributions 

Figure 9 shows the angular distributions for P= 1 
(a==OO and 10, respectively) plotted as (EQBrr*(x)/dx, 
the reduced differential polar inelastic scattering cross 
section, These functions are closely related to the 
ghysicaI quantities that would be measured in a 
crossed molecular beam experiment. For nonzero m', 
the cross sections have been doubled (since the &onf 
states are not ~ i s t ~ ~ g ~ j § h a ~ ~ ~ )  ; these doubled values 
are denoted by d j ' d j m  



the cross scctions €or those transitions listed are seen 
to account for only about 40% of the total inelasticity. 
Thus there must be a great many higlicr-order transi- 
tions, each contributing small increments to the transi- 
tion probabiiities at  successivcty smaller impact 
psraiiieters (cf. Fig. 7), which, in aggrcgatc, irccount * 
for the inventory of the total inchtic cross section. . 

This is further ~ ~ ~ ~ ~ i ~ ~ a ~ c ~ ~  by carisiticrtttioti of 1116 
ericrgy clcpcrtdcticc of tlre vitrioiis cross .sect iotis, 1 n 
Fig. ai, the (15*)--1‘8 “rcfcrcncc line” (td)it.riirily 
pliicctl) rcprcsents thc energy dcpcntlcnce ob the totid 
inclasticity (SCC 11) ; laowevcr, the “’ailowcd” trnnsi- 
tion cross scctions show a smaller brzctionai decrease 
with increasing energy for increasing Aj, while the “for- 
bidden” ones maintain a strong energy dependence. 
This suggcsts that many more forbidden outgoing 
channeh are opening up at higher energies, where their 

to the dlowed transitions. 

A+ SO.$), the total inelastic integral moss section may 

e combined influence probably gains importance relative 

It i s  interesting to note that fo& small A” 

FIG. 8. Plots of b*Paeo vs b’ contrasting three sets of anisotropy 
parameters: (f) full set; (1) long range anly. and (5) short range 
only. The upper bnd lower plots are for Ed= 1 and 100, respec- 
tively. 

Figure 10 illustrates the energy dependence of 
several of the differential cross sections in the region 
of their main maxima, Figure 11 shows the angular 
distributions and magnitudes of several of the 
compared with the nuIii or “elastic” cross section 
(which would obtain if u ~ = b ~ = b ~ = c = O ) ,  calculated 
via Eq. (5 ) .  

1 

VI. 

A. Energy ~ e ~ ~ ~ ~ % ~ ~ %  of the Cross Sections 

Inspection of Table 1 reveals a number of interesting 
fezztures. First, it is noted that for low Aj (H or 2) the 
selection rules of 11 give a reliable indication of the 
relative importance of the various transitions: first- . 
order perturbation “allowed” transitions show cross 
sections at least fivefold greater than “f~rbidden’~ 
ones, over the whole energy range. For higher transi- 
tions (Aj=3 or 4), however, this distinction is less pro- 
nounced; for these, it appears that the selection des 

I 

/ 

x vs x for full set of anisotropy parab- 
and lower plots are for wd3o and 10, 
plot, the two unmarked curves Rfer la are better indicators at the higher energies. Second, ‘w(IF of &e two) md &ZW. . -  



be estimated withou t considering in detail the ~ o ~ ~ ~ d ~ e ~  
transitions. In I1 it was pointed out that B good ap- 
proximation for o*inot,a was ~ % ~ i , ~ = [ b *  (Pinel,,x=+)p* 
Evaluation of SP, however, required computations of 
PinC1,p(b*) = 1 - P,,(b*) by the s ~ d d e ~ - a ~ p ~ x ~ ~ a t ~ o n  
program. A simpler estimate of G*gnel,a may be obtained 
from first-order perturbation ~ a ~ c u l a ~ ~ o ~ s  of the 
allowed transitions, as follows. 

As seen in Fig. '9, in the Gcinity ob P=$, the sum of 
the &+I9 2, and 3 transitions totals to nearly 3; most 
of this total arises from the first-order perturbation- 
allowed transitions. is suggests the following s h p k  
procedure €or estimation ob S*. Wsirntg the aaalytica1 
first-order ~erturbation- eo^ expressions %'e the 
transition probability &,(*)(b*, P) (in the straight- 
line approximation o€ I ) ,  as given ira the ~ p ~ e ~ ~ ,  

\ -1 - 
 no^ 4 e 

x (de9) 

dependence o€ &e principal maxima of v a h w  
wO. aokEneY &*(x /& for full set oj amsotropy parameters, 

solve for the value of b*2 at which 

P@J" (6") = 3. 
- ,  

The resulting total cross section, designated 

is found to agree well with S9.inel,n and @inet,ar as shown 
in Table 11. (However, see $bpgendix.for the limits of 
validity of this prwedure.) 

i . Dependeye on ~ ~ s o ~ ~ ~ ~ y  Bar 

The dependence of the transition probabilities on 
anisotropy parameters is qrijte reasonable- Two features 
are noted in Fig. 8 for a representative transition which 
was selected because it splows the fofollowing effects 
most dearly. The first ii that 0% an ~ ~ ~ ~ o ~ a t ~  

FXG. 11. Plot ob several of the &h*(x)/dx (for the full sef of 
anisotropy parameters) compared with (&*!x) /dx )  ,,"~t, n.e., 
the "null e 1 ~ ~ ~ t . i ~ ' '  differentid cross section fop the case where all 
anisotropy parametea have been get equal to zero; E*=l.  

"additivity9' of the transition probabilities due to 
different ~ ~ i ~ o ~ r o ~ ~ e s .  The peaks in the (I) cCrves and 
the (s) curves "cco1~bine'~ to give (approxrimately) 
the peaks in the (5) curves. The second is that the 
main peak (i.e., that at  largest b*) obtained for the 
full set of anisstropies is well approximated in all cases 
by the valuys obtained with the long-range anisotropies 
only, Thus for practical purposes, the main peak in 
the angular d i s t ~ b u ~ i o ~  can be calculated neglecting 
the short-raiige anisotropies (about which le? is known 
ita any case). I 

e. A~~~~~ ~ ~ ~ ~ b ~ ~ o ~ s  

The appearance and relative magnitudes of the 
angular distributions for @= 9 are seen in Fig. 9. All 
shoN a sinde, ~ r o m ~ ~ e ~ t  peak (with the exception of 
d3300) at fairly low angles. The forbidden transitions 
(not showxi) smaller and give broad peaks at  
higher angles. 

Several interesting effects are noted in, Fig. 10. 
First, for t~ fixed vduc of E?, the angle of the peak 
increases as the magnitude of Aj is increased. Qa- 

TABLE E. Comparison of exactly computed values with ap- 
roximate vguw ~f the total inelastic integml cross sections. 

!clyameeers: sei. 

E" r1nnt,oo* Situl,ao* .St$1.00*~" 

1' 5'04 4.98 5.. 13 
3 4.13 4.06 4; 25 

10 3.31 3.27 3.46 
30 2.73 4 2.68 2.87 

tQO 1.19 2.25 2.33 
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sically, this iniplies greater importance of "head-on" 
collisions (with smaller 6") for the escitation of higher 
rotational states. Thus for &*=I and j = O ,  the peak 
positions for j l=l ,  2, 3, and 4 are 4 i 0 ,  lo", 14', and 
li", respectively. An anniogous trend is found for the 
forbidden transitions. Second, concerning the energy 
dependence of the individual cross sections, in all 
cases, a strong trend of the peak position toward lower 
values of x is noted as the energy increases. Also seen 
is a narrowing and heightening of the main peak with 
increasing energy. 

In an attempt to make a connection with the experi- 
ments of Toennies,20 it is interesting to consider the 
result of a hypothetical experiment consisting of a 
monochromatic beam of T1F (vZ3.OXfO4 cm S ~ C - ~ )  
crossed (at 90") with a beam of Ar (21SZ4.3X104 
cm sec-*). For a laboratory acceptance angle x1~1,=0.5 
deg, the center-of-mass angleTa = 3.5 deg, and one 
would expect to see > 25% of the ineIastic cross section 
for the A j =  1 transition, but only -8% of that for the 
A j = 2  transition (cf. Fig. 9) .  Thus for a set of condi- 
tions not too dissimilar from those of Ref. 2(c), the 
A j = 1  cross section would be "favored" relative to 
Aj=2 by a factor of about 3. For the angular distribu- 
tions in Fig. 9, this yields the ratio a~j=2/u~j.=1=0.27. 
This effect tends to bias the results of observation in 
favor of low A j  transitions and helps to explain the 
small observed20 ratio ~ i n e ~ , ~ p ~ ( ~ ~ ~ ~ ) / ~ i n c ~ , ~ ~ p ( ~ O - ~ ~ '  <0.17. 
Presumably, in the future it will be possible to measure 
the important low-angle portion of the angular dis- 
tributions for the separate transitions and, by com- 
parison with computations, to deduce the long-range 
anisotropy of the intermolecular potential. 

: FIRSg-ORDEfP-~~IRTL"P'IOPIB- 
THEORY (STRAIGIIT 

Upon espanding the e-sponential in Eq. ( I )  of 
Paper 11, or dropping the cosine term in Eq. (15) of 
I1 (and replacing the sine with the angle), and follow- 

A N D  PZ, 18. B E R N S T E I N  

to the "allowed" transition probabilities ass a function 
,of be, Pt A*, and the anisotropy parameters, The resd 
,are 

A*(.IP)~f2(S1 1 G I 0 0 ) ~ ~ . 0 2 2 ~ ( b " ) " - 3 , 9 9 0 ~ ( b " ) ~ * ,  
A*(&*) l'2(20 I G 1 OO)S116§50g( b*)-"- ~ * ~ 2 ~ ~ ~ ~ ~ ~ ~ - ~ ~ ~  
A~(~*)1'2(2~ I G 1 OO)Z--3,379e(b*)-6 ' 

A*(E*)1'2(31 1 4; I 00}S-0.303c(b4)4, 

+ 2 . ~ 3 9 ~ ~ ~ b * ~ ~ ~ * ~  

A*(E*)1'2(33 1 G I 00)Z0.912~(b*)-~~ ( A 0  
where 6= (I/&) SVdi with For 
sufticiendy high b* and P, these expressions for Pbo('f 
are found to reproduce the nunierical values of .PflCp 
obtained by the fuIl sudden computational program, 
However, they have been applied to the estimation of, 
P i n c 1 , W  in a region (at lower b*) where each of the 
individual PBa(') is known to be too high. The results 
pf Table 11, however, indicate that the perturbation 
results are still useful in this region. The specific qua- 
tion emp1oyed is 

= [@ 1 G 1 

Pine1,00(~)=2[(41 f G I @3>]'++C{20 I G / 00)s" 

+2[(22 1 G I 00)12+2[{31 I G ] 00>]2 

* +2[(33 1 G 1 
Upon substituting Eq. (Ad) into (AIE) and setting 
Pinel,OO(l) = 3, the following implicit equation in S*inet,W(l) 
(the first-order perturbation approximation to the total 
inelastic integral cross section) is obtained : 

(A*> 'aa = 5 1. 1 4 0 ~ 2 ~ 6 + 4 0 . 2 2 5 ~ 2 ~ -  76.7 fOa~b2x-8  

- 9 l . 6 3 2 ~ ~ ~ - * * ~ 8 . 6 +  (57.46Sbi'f 29.PO3b2)%--", (A3) 

where x denotes S*inei,m(l). Equation (A3) was used 
to obtain the first-order approximate values of S*ine~.W)(lf 
in Table If. The validity of this approximation has 
been tested for several other parameter sets with good 



C.  Appendix. Pe r tu rba t ion  expansion f o r  t h e  Pgd e 

I n  connection wi th  t h e  problem considered i n  t h e  appendix to 

J. Chem. Phys. - 4.7, 4417 (2967), namely, t h e  computation of approximations 

(= 1 - P ~ o g )  where = 00 and LO, i t  i s  worthwhile to t o  pin el^^ 
consider  a p e r t u r b a t i o n  expansfon f o r  E'=& For G = iJ V$t, 

where R e  and I m  are t h e  real and imaginary p a r t s  of t h e  i n t e g r a l .  

For fj = o( , consider  t h e  f i r s t - o r d e r  l i m i t :  

Thus, t h e  f i r s t - o r d e r  l i m i t  y i e l d s  a t r a n s i t i o n  p r o b a b i l i t y  3 1  f o r  

a l l  impact paFatnetgqpi,, a r & t h e r  unexpected (and unacceptable) r e s u l t  
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Now consider  t h e  second-order r e s u l t :  

Another s u r p r i s i n g  r e s u l t - t h e  second-order term does nothing t o  “ tone 

down” t h e  i l l -behavior  of t h e  f i r s t - o r d e r  term. The expansion of 

Eq. B l  s epa ra t e s  i n t o  real  and imaginary parts,  wi th  a l t e r n a t e  powers 

of G con t r ibu t ing  t o  one o r  t h e  o ther  of t h e  terms i n  t h e  mod square 

of Eq.  B l .  

I n  p a r t i c u l a r ,  s i n c e  t h e  expansion should be accu ra t e  i n  the 

region Pd0( = 1/2, one needs good va lues  f o r  both t h e  real and imaginary 

p a r t s  ( i t  i s  found i n  t h e  exact  numerical  i n t e g r a t i o n s ,  f o r  i n s t ance ,  

t h a t  both p a r t s  con t r ibu te  t h e  same genera l  magnicude t o  t h e  t r a n s i t i o n  

p r o b a b i l i t y ) .  

t h e  pe r tu rba t ion  expansion however, t h e  t h i r d  order  term ( a t  l e a s t )  

must be included,  and t h i s  i s  very messy f o r  even a simple p o t e n t i a l  

with few aniso t ropy  terms. 

pe r tu rba t ion  expansion is  of l i t t l e  use  f o r  t h i s  problem. 

To g e t  acceptab le  accuracy from t h e  imaginary p a r t  of 

It i s  concluded t h e r e f o r e ,  t h a t  t h e  d i r e c t  
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V I .  COMPARISON OF APPROXIMATIONS I N  INELASTIC SCATTERING 

A. In t roduc t ion  

Chapter V I  is  a comparison of t h e  time-dependent and t i m e -  

independent h i e r a r c h i e s  f o r  r o t a t i o n a l  e x c i t a t i o n  i n  atom-diatomic 

molecule c o l l i s i o n s .  Equivalence between t h e  Born and f i r s t  o rde r  

p e r t u r b a t i o n  l i m i t s  i s  demonstrated. Again, numbering of pages,  

equations and r e fe rences  i s  self-contained w i t h i n  t h e  r e p r i n t .  

The authors  are g r a c e f u l  t o  D r .  Merde P a t t e n g i l l  f o r  po in t ing  

out t h a t  t h e  s p e c i a l i z a t i o n  t o  t h e  high-j  l i m i t  (which w a s  n o t  noted 

i n  t h e  t e x t )  need no t  have been invoked i n  Eqs. 2 1  and 28. 
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Although a number of approximation methods have been widely used in the field of molecular rotational 
excitation and scattering, their interrelationships and ranges of applicability have not always been clearly 
established. T h e  present work is a comparison of severd of these approximations. Considered are the d m e  
independent treatments such as the distorted wave approximation (DWA), the restricted dislorled wave 
(RDW) and the WDW-Born approximations, and the timedependent ones such as &e sudden approxima- 
tion (SA), full trajectory and straight-line limit, and the first-order perturbation aiqnoximations. Equiva- 
lence is demonstrated between the RDW-Born and first-order SA, and convenient analytical forms are 
presented for the resulting transition probabilities. 

1. ~~~~~~~~~~~~ 

The theory of rotational excitation and scattering of 
diatomic (rigid-rotor) molecules by sJructureless atoms 
has been weli formu1ated,'s2 but exact computations 
remain a formidable task.2-a Thus a large number of 
approximation methods have been introduced and many 
approximatk calculations carried out for model sys- 

The few available direct experimental measure- 
m e n t ~ ~  of specific rotational transitions (obtained via 
the molecular-beam technique) are of insufficient accu- 
racy to check even such approximate calculations. In  
view of the uncertainty in the intermolecular poten- 
tials, such a check would hardly be definitive in any 
case. Qn the other hand a proper test of the various 
approximations (i.e., by comparison with complete and 
numerically accurate close-coupled computations of the 
differential or integral inelastic cross section for a ghen 
assumed potential) is extremely time consuming even 
with present-day computers, except for low energies6 
or for hydrogenic systems? 

Thus, it is of interest to compare the various ap- 
proximation methods from a theoretical viewpoint and 

Work supported by Natiohal Aeronautics and Space Adminis- 
tration Grant NGL-50-002-001 and National Science Foundation 
Grant GP-7409. 

1 For a review, see K. Takaganagi, Advan. At. Mol. Phys. 
1, 149 (1965). 

* (a) Much of the reccnt literature is referenced in C. F. Curtiss 
and R. B. Bernstein, J. Chem. Phys. 50,1168 (1969); a misprint 
occurred in Eq. (15) ; a factor of 2 M / P  on the right was omitted. 
Other recent related articles include: (b) R. J. Cross, Jr., ibid. 
49, 1753 (1968) ; (c) W. I-I. Miller, ibid. 49, 2373, (1968); (d) 
R. J. Cross, Jr., ibkl. 50,1036 (1969) ; (e) f .  Reuss and S. Stolte, 
Physica 42, 11 I (1969). 

aR.  6. Gordon has recently developed an emcient computa- 
tionat method for solving the many-channel coupled equations, 
J. Chem. Phys. 51, 14 (1969). 

4 (a) J. P. Toennies, Discussions Faraday SOC. 33, 96 (1962); 
2. Physik 182, 257 (li9G5) ; Recent Advan. Aerothermochem. 
(AGARD) 12,237 (1967). (b) A. R. Blythe, A. E. Grosser, and 
R. B. Bernstein, J. Chem. Phys. 41, 1917 (1964). 

6 W. Erlewein, M. von Seggern, and J. P. Toennies, Z. Physik 
21P,3.5 (1968). 

~t and A Dsilgarno, Proc. &ys. SOC. (]London) 
t ~ o ~ ~ ~ o ~  md D. B e w r t ,  J. Chem, Phye. 

to determine, by coniputation when necessary, the 
range of validity of the more useful ones in the hope 
that reliable working approximation schemes can be 
identified and equations expressed in practical form. 

One may consider a hierarchy of approximate treat- 
ments for the transition probabilities employing either 
time-dependent (TD) or time-independent (TI) per- 
turbation methods, The TD hierarchy can be listed 
(in order of decreasing rigor) as fcallows: first, the 
i ~ ~ ~ t e - ~ ~ d ~ ~  ( ~ i ~ ~ - o ~ ~ ~ r ~ d ~  exact foimd ~ ~ r ~ s ~ o n ? *  
is reduced to the Magnus a ~ p ~ ~ ~ ~ ~ a . t i ~ ~ ~ b ;  next to the 
sudden, L&p "first Magnus" a ~ ~ ~ o ~ i ~ ~ ~ ~ ~ ~ *  ~ r ~ ~ ~ i ~ i n ~  
the tern 

,but neglecting the exp(iW,J) factor); then to the in- 
' plane trajectory SAQ { neglecting angular momentum 
conservation) j then to the straight-line trajectory SA 
(the high-energy approximation)ps; finally to the first- 
order perturbation resultlo (keeping only the firsborder 
term 

in the expansion of the SA exponential). Similarly, the 
TI hierarchy begins with the iniiiite set of coupled 
equationst*; is reduced to the truncated close-coupled 

(a) See,:for example, F. J. Dyson, Phys. Rev. 75,486 (1949). 
(b) P. Fechukas and J. C. Light, J. Chem. Phys. 44,3897 (19G6). 
Also a recen't extension by R. D. Levine, Chem. Phys. Letters, 2, 
76 (1968). 

* (a) K. Alder and A. Winther, Kgl. Danske Videnskab., Mat. 
Fys. Medd. Selskab. 32, 8 (1960); (b) D. W. Robinson, Helv. 
Phys. Acta 36, 140 (1963). 

(a) K. HI. Kramer and R. B. Bernstein, J. Chem. Phys. 40, 
200 (19G4); (14) R. B. Bernstein and K. 13. Kramer, iW. M9 
4473 (1966) ; (c) R. W. Fenstermaker and R. B. Bernstein, iW. 
4T9 4417 (1967). 

l1 See, for example, (a) G. Gioumousis and C. F. Curtiss, J. 
Chem. Phys. 29$996 (19.5 (b) A. M. Aptburs and A, Dsigarno, 

See Ref. 9(c) for limiting expressions. 

PPW. Boy. soc. ~~~~~~ 

~~~~~~~o~~ ~~~~~~~ bc 
3@# 540 (1960 ; (e) w, D, Dadm, 
7% (1962); ( d 3 Ref. &(b). 
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:tppro\iin.it i or t  with both open and closed channels12; 
thcn open thnnncls only13 (the usual S-matris method) ; 
1 iicri to hi&cr-order distorted wave appro~iniations~~ 
inclutiing t he rcnonnnlizcd Dtf’AE5; the “infinite-ordcr” 
Il\\’Al’c; and the statist icnl (dominant-coupling plus 
DW alC’pro~imation.’~ Nest is the ordinary DWA”; 
the RDWr\t**; the DW-Born appros~~iiationl~; the modi- 
ficd ~ ~ ~ v c ~ ~ ~ i i ~ i ~ ~ ~  ( ~ ~ ~ ~ ~ )  a ~ ~ ~ ) r ~ s ~ ~ i ~ ~ t i ~ ! i * ~  (which ne- 
glccls :itlguI:tr t i ~ o i ~ i ~ i ~ ~ ~ I i ~ ~  ~ O I l ~ e ~ ~ ~ l i ~ ~ ~ )  ; arid finnliy, 
die simple Born ~ ~ ~ ~ ) r o ~ i i i ~ : ~ ~ i ~ n  (I3A) which can also 
be ftirtlier rtduced in cert:&n limits, to be considwed. 

The present paper restricts consideration to the rela- 
tions among the lower levels of these hierarchies, below 
the level of the BWA and the SA. 

I n  the hollowing section the restricted distorted-wave 
approximation2“ is reduced to the Born limit, and in 
the subscqiicnt section the sudden approximations is 
correspondingly reduced to the first-order limit for ex- 
plicit comparison. For the examples chosen (atom- 
diatomic scattering), the two treatments yield equiva- 
lent results under certain conditions; it is important 
to establish these h i t s  in order to deal with pra,ctical 
applications. Although this equivalence has been shown 
previously20d in certain special cases,2* the present treat- 
ment is somewhat more general in scope and is carried 
through to yield identical “working formulas” Prom 
both trejtrnents. 

For the present problem of atom-diatomic molecule 
scattering, the anisotropic interaction potentid is taken 
to be a sum of a short-range repulsion and a iong-rmge 
attraction, each of the factorizable form 

vu?, e> = -vo(&[~+@L(coSe)l, f 1) 
where L=l or 2, with the asymmetry coeiiicient 5~ 

independent of E.  Two commonly employed forms of 

l*Reference 6(b). Also: K. D. Levine, B. K. Johnson, J. T. 
Miickerman, and R.  B. Bernstein, Chem. Pltys. Letters 1, 517 
(1968) ; J. Chem. I’hys. 49, 5G (1968). 

la References 6, 1 I (h)-11 (d). Also: W. A. Lester, Jr. and R. B. 
kmstcin, Chcm. J’hys. Letters 1,207,347 (1967) ;J. Chern. Phys. 
48,489G (1958). See also R. G. Gordon, Ref. 3. 

**References ll(b)-ll (d). Also: (a) W. D. Davison, Broc. Roy. 
Soc. (London) 83280, 227 (191%); (b) R. Kolodziejski, Acta. 
Pkys. Polon. 10,223 (1951) ; 31, 783 (1967). 

%OR. B. Bernstein, A. Dalgarno H. S. W. Massey, and I. C. 
Percival, Proc. Roy. Soc. (London) AZ?4,427 (1963). 

17See Refs. l l ( l ~ j ,  (c). Also: C. S. Roberts, Pliys, Rev. 138, 
209 (19G3). 

R. J. Cross, Jr. J. Chem. Phys. 48,4838 (2968). 

l*See, for example, (a) W. F. Ford, Phys. Rev. 157, 1226 

l0K. Takayanagi; see Ref. 1 for complete literature on the 
(1967) ; (h) Ref. 2(c), 

MWNA. 
20See, for example, (a) Ref. 95; (b) R. J. Cross, Jr., and Et. 6. 

Gordon, J. Chem. Phys. 45, 35’11 (1966); c) R . Cross, Jr., 
Ph.D. thceis, Rarvard Universit Boston d ass., 1 *d 65; (d) Et. J. 
Cross, ]I., J. Claem. Ph 8.47,3&4 (1967) 

$1 see ~ e h ,  gga), ZO&, mujld J. M~ Pee<,  ye, Rev, 160,124 
(196761) e 

the spherical term, Vo(R) are investigated: 

Vo( R) = c ,n -n ,  (2s) 
V o (  R )  = CPf?--~IPI 

where n is the index of the inverse power potential of 
%rength” C,, (positive for repulsive or negative for 
attractive ~ ~ ~ c ~ ~ i ~ ~ s ~  and p is the range pararnctcr of 
tlic csponcntid potcntird of strcngth C, (which mny 
also be positive or ncgdve). Tlic expressions for the 
RDWA Cransilion probabiiities, P( j’j) for this prob- 
lem are essentially given in Appendix I3 Of Ref. 2(a). 
(It  is noted that in the present approximation, cantri- 
butions to the over-all transition probabilities are addi- 
tive from the various anisotropic terms in the potential.) 
However, it  is instructive to present here a brief cled- 
vation, designed for the specific potenti& [Eqs. ( I )  
(2)] of interest, and which defers the “IaPge k” restric- 
tion until:the final reduction [identical to Eqs, (Ab2)- 
(AI$) of Ref. 2(a)3. f, 

The starling point is the equation for the Jth partid 
cross section,16 a$( j’,  j) €or the excitation of the mole- 
cule frornj to j’ (irrespective of Mj and m,f; the p r ~ b h  
of the M transitions is discussed in Sec. $11) : 

(3) 
where the symbols arc those OB Refs. %l(b) and 65. 
Cansideripg first a pure ~ 2 ( ~ ~ ~ ~ ~  anisotropyl me 
fains I 

&n U+I k j p j  aJ(j ’ ,  j ) -  - - - 
kjt 0 2 j 4 1  h j j  

aa2Cf2( j ‘ f ;$; S>J2[q( j’lF; j l ;  J>P, (4) 

where t&e JZ coefticients are those of Percivvd and 
Seaton% and the radial quadrature q is similar to that 
of Eq. (47) of Ref. 2(a) : 

ilf 

%e total cross section forj--fj’ scattering is thus 
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depend negligibly OB total J ,  and the order of su 
tioa in Eq. (6) may be inverted, giving 

( ~ + p > E J c a ( j ’ W k  J)T, (7) 
J-JP 

where J1 is the larger of 1 %-j 1 and I i’--j’ and Js is 
the smaller of d+j and l’+f$ If one takes advantage 
of the orthonormality of the 48 coefficientss, then Bq. 
(7) reduces to 

where 

The ody nonzero values Q€ Pa( j?, j )  occur for j9=j ,  
i&2 and 

where r]Porn ’is the Born-approximated eiastic-scattering 
phase shift. Integrals of this form have been considered 
e l s e ~ h e r e , ~ ~ 3 ~ ~ ~  

The Born approximation is strictly v d d  bnly whea 
E, Iz ,  and K‘ @e large. It is found that in the limit, when 
k‘=k, and k~+~)/k~(Z’+a)/K’~li, m e  obtains the 
fotllowhg symptotic (a) result: 

For an inverse power potential of the form of Eq. 
(Za) , these integrals may be readily evaluated, and 
one finds that 

q t P =  C 6 ~ 0 , ( 6 ) / ~ ~ l k p , , =  (C&Jhn-l) @+a”, (19) 
28 (a) C. F. Curtiss, j. Math. Phys. 5,561 (1964) ; , (b )  See also 

Ref. 20(c). . 
34 (8) R. B; Bernstein, .k?okm&w Beums, J, Ross, Ed. (Inter- 

science ~ u b ~ $ h e ~ ~ ,  I ~ c . ~  New Yo&, 1966), Chap. 3, * 79. See; 
r ~~~~~~~ J. Chm. Pbp. 3B, 515 ($94 s 
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‘0 

El 

1 2  

0 

slrl 
f 2  

0 

fl 
f 2  

8 

fi 
f 2  

0 

ei 
&2 

0 

& I  
e2 

0 

fl 
f 2  

0.58905 

0.53333 

0,39270 

0.53333 

0.49087 

0.38095 

0. $9087 

0.45714 

0.36816 

0.45714 

0.42951 

0.35556 

0.42951 

0.40G35 
0.34361 

0.40635 

0.38656 

0,3324’1 

0.38656 

0.36941 

0.32214 

0.18863 

0.16064 

0.13932 

0.112299 

0.11008 

0.099G2 

0.09098 

0.a60’12 

0.05399 

0.04857 

8.04412 

0.04040 

0,03735 

0.03456 

where v=f ik /p  is the initial relative velocity and the 
Dan are numerical constants: 

Dno =n1”T[- (n- I) 3/2r (+I, 
Dnl = n W (  $n)/2r[+(n+ I ) ] ,  

B n 2  = [ (12- 2) /n]Dno. 

(204 

( 20b) 

(204 

@ate that Eqs. (99) and (20a) yield, via Eq. (f7), 
the conventional expressionz4 for the Jeff reys-Born 
(JB) elastic-scattering phase shift for the inverse 
power potential.] With this result one finds that the 
transition probabilities P( j&L, j I n) given by Eqs. 
(12) and (14) are of the form 

P( j fL,  j 1 w )  =faLbvO(b)/fi~32HT,L 

where for $r(.cos@) anisotrupy the selection rule re- 

cC,,~&/fi~&*-x JF,L, ( 2 I) 

Numerical values of tihe B,, and P,, are given in 
Table 1. 

Several computations were performed for the inverse 
sixth power potcntisl aiid P2<cosdd) ~ I i ~ ~ o t r ~ ~ y  in order 
to dctcrmine the range of I for which the quadratures 
qzv CEq. (16)] are weII approximated by Eqs. (IS).  
Parametrization is given in terms of reduced energy 
E*( = p 2 / 2 a ) ,  reduced wavenumber A ( kc), and re- 
duced iuipact parameter &*[ = (B/u)ZS(2+4)/A], where 
B and e are the ‘‘range” and ‘ f $ ~ ~ ~ n g t ~ ”  parameters of 
the poter~t fa l .~~*~*~ Note that for an inverse sixth power 
potential ( V0=4d/R8)  ancl k‘==lz, Eq. (16) reduces t@ 

Thus the quadrature depends only on 8 and v ;  A and 
E* are merely scaling factors. 

The integrations in Eq. ($6) werc performed nameri- 
caliy (hy C;;mai;m qu:tclriitIlro, exact to fotw @$ftc:int 
figures) ancl also, by (:rod mcthoc!,Zfi which t a  mi- 

lytical within the scrnicl;tssic;tl iipproximation. (‘I’hc 
two agree within the four-figttrt: ;rccuracy of the nu- 
merical quadrature.) These rcsults arc compared with , 
the asymptotic [Iarge I ;  Eqs. (It%)] Born approxima- 
tion in Table 11; they are discussed in Sec. W -  A 
reIated comparison of computations by the full DWA, 
the KDWA, and the Borrn approximation has recenf3y 
been 

For the exponential potential [Eq.  (2b)J, Eq. (16) 
reduces t o  

~ z ~ ‘ o ‘ = [ b ~ ~ ( b ) / l i ~ ] d ) ~ ~ =  ( ~ C p / ~ ~ ) ~ ’ p ~ ~ ~ ~  (24) 
where 

(2Sb) 

.. 
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TABLE %E. C o m e s a n ,  for the inverse sixth power potential, of values of qzB calculated by &e exact Born Formula and the Wym@.QtiC 
(large1) Born approximation. P = l O . O ,  A =%.I7 (symbols defined in the text). 

Asyniptotic Born approx. 
Exact Born results CEq. (96) J E&* (1812 .. 

I b' qn.0 qi.-a Ql.+Z qt,o(*' P I ,  &%(a) 

12 0.444 199.4 202 * 9 90.0 193.0 128.7 
24 0.878 6.723 5.529 3.678 6.673 4.449 
48 1.722 0.2199 10.1628 8.1325 0. a95 0.1463 
96 3.425 0.0070416 ~ . ~ ~ 9 ~  0.00445il ~.~~~~~ ~.~~~~~~ 

1 
-_I___ 

Thc first two integrals tnay be written in terms 0% the 
~ ~ i ~ ~ l i ~ ~ ~  t%eswl ~ i i ~ c t ~ ~ ) ~ ~ ,  

~ ~ p ~ ~ c ~ ? ~ ( ~ ~ ~ ~ )  KI(b,*)# (20111) 

E)",l = ~ X p ( ~ ~ ) ~ o ( h p ~ )  $ ( 261,) 

where B,*=b/p.  The third integral may Be written in 
the form 

2 ZCo(x)dx-K,(8,*) . (26c) 

Using asymptotic expansions for the BesseI functions 
one may obtain a (semiconvergent) series expansion 
for these D,,, for large vaIues of b,": 

1; - 1  

Here IC is the value of the index k beyond which the 
terms in the series become larger. The first few coeffi- 
cients C,n: are listed in Table HI. The coefficients of 
D,o yield [when combined with Eq. (17) J a previously 
obtained24b expression for the high-energy approxima- 
tion to the elastic-scattering (Eth partial wave) phase 
shift for the exponential repulsive potential. 

Vskg these results for the D,, yields the transition 
probabilities B( j&&, j I p> : 

P(  j%tq j f pf " [ a ~ b V i d b ) / f i 8 ] ~ ~ p ~ ,  

= [@LliC,rbp4/fbtJ]2CpLe (28) 

Again, for large values of t~,"~ G,1 and 4;,2 may be 

where the first lew RL;C axe listed in Table 111, 
Computations were performed for the exponentid 

potential and P~(cos@) anisotropy in order to compm 
Bqs. (116) and (28) Parametrization was as fdlows: 

and P" kP E," =p9/2Cp,  

hp*= (%+%)/A,* 

For the purpose of computatkm, Eq. (16) is rewritten: 

In this case, it is noted that these quadratures do de- 
pend on the range of the potential and the kinetic 
energy [in contrast to the srscal:;21ing" situation for the 
inverse power potential, Eq. (23) 3. 

The intcgrations of Err. ( 16) were performed numarl- 
cnlly ILS bcfaro. I b c s c  r~strlls lire cmgwrcd witta those 
obtained by the asymptotic approximation d Eqs- ( $ 8 )  
in Table Ilb; they are discussed in Sec. BV. 
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TABLE Comparison, f5r the exponential potential, of values of qh cdcdated b the exact Born fornula and the 
asqrmptotic (large a )  ~ o r n  approximation. Paramet-tioa as Jheci in text. 

I .% 0.700 0.546 1.26 0*66&@. 205 

0.  130 0.108 0.0154 0.1333 

The 1 entries indicate the uncertafnLv due Q truncation of the semi- 
convergent series at the proper eerm.1 Blanks indicate cases in which the 

In this section, the transition probabilities are com- 
put'ed from the firsborder straight-line limit of the 
sudden approximation. The interaction potentials con- 
sidered here are the same as those in 5% 

esseendally that of Ref. 9(b) 
order t r ~ s ~ t ~ ~ n  probabidity for 
?B tczym' is $e. by 

P ( j ' P t j W >  = (jrm9 I 6; l j m )  /a9 (38) 

(32) 

here 

The coordinates involved are illustrated in Fig. P of 
Ref. 9(a), where the orientation angles of the mole- 
cule, 0 and +, are taken to be constant. V(1) is the 
potential of interaction between the atom and the 
diatomic molecule as a function of time as the atom 
moves along a classical trajectory relative to the sta- 
tionary molecule. This trajectory is ~ ~ ~ p r o x ~ r n a t e ~ ~  by 
n jdannr one ~ ~ ~ ~ r ~ ~ ! ~  by eha ccntrd potentinil (Vo) 
alont~. 

Wdng thh f ~ r m  in &lie la& air of equatione, one find 
&@hl CQlldda~' fl alOtt?t\t!id Of the fOIW1 Of &kj. ( I ) ,  

that for inelastic collisions 

X Yp(& 4) si&&d$dt 

where is a faunction of B, 9, and ~ e t e ~ m ~  
classical trajectory. Since 8 is the angle between the axis 
of t k  diatomic molecule and the line from &e ~m~lecde 
to the atom with direction angles a', 4' 
P~(~os@) =&4,t~/'(J&J,-f- 1)  J Y'L~(@'~ ~ ' ) * ~ ~ * ~ ~ ,  

ll 

4w 
X f  this expression is used in tbe previous ~~~~~~~A~ then 
integration over the angles gives \ 



M O L E C U L A R  COLLISIONS. X 2 

The depciidcncc of R, #’, and #d on the time t depends 
parametrically on 00 and #o, the angles describing the 
initial direction of approach, the impact parameter b, 
and an azimuthal angle, E, measured in a plane normal 
to the initial direction. The three angles $0, 60, B form 
a set of Eulerian angles and may be used to describe a 
rotation of the coordinate system. In the new coordi- 
Bate system tRe initial direction of approacb is dong 
the z axis, and the azimuthal angle is zero. Then 

F&”(B’, 4’) = z D q h ?  flop 4 p J L W p  01, (37) 
Y 

where 8’ is &e polar angle of a point along the trajec- 
tory in the ~ e w  coordimte system, Thus 

Dt(&.o, 60, e ) p @ F & p t  (38) 

where 

Vo[R(i) JYz,”cS’(i> f OJaa  (39) 

vi, is the integral of the potential evaluated ixn a co- 
ordinate system in which the atom approachas in the 
8 direction Lcf. Ref. 9(a)”J. 

~ o m b i n i ~ g  Eq5. (35) ~ n d  (38) one obtains 

The transition probability given by Eq. ( 
on both the impact parameter B and the ~~~~~ 

angle e. Averaging 0ver I elimhates the ~ ~ ~ e ~ ~ ~ ~ c ~  opl1 

40 and 4elds 
- 

I Dt(O, 00, Q)p,mfd I2P(j’j I l%)pps (42) 

The degeneracy averaged cross sec 
over m’ and the average over m of 
section. The corresponding transition 

,a( jg; I &b) = (2j-c $1-1 

From the last result if bo~tows that 

~ ( j ’ j  I E&) A:C(ZE+f) (Zj j+4)21  
P 

P( ~~~~~ 1 
j j’ L This result is clearly ~ ~ ~ e ~ e n ~ e ~ t  of the direction of 

@$ -mp mf- For the case E= 1 [Px(cos~~) ankompy], the follow- 
ing detaiied transition probabil%ies are obtained from 
Eqs. (41) and (42) : 

- - DE (#o, @ O , d  p .m‘* the incoming atom. 

XP( j’j I E~),,,I@(#O, Qo, e),*,ml,*, (40) 

a d  for E = 2 E&( cose) anisotropy] : 



The problem is thus reduczd to the evaluation of the 
integrals of the potcntial, V L ~ ,  defined by Eq, (391, 
These integrals may be readily evaluated only in the 
~ t r ~ ~ ~ t - l i ~ e  a p ~ ~ o x i ~ a t ~ o ~ ,  h,,  as^^^^^^ a linear tra- 
jectory with B constant relative velocity gr. Ia this 

r o ~ a t i ~ n *  [which corresponds Eo the mymptotk 
(a) approximation of Sec. 1x1, 

R= (P*vv)llas (47) 

COG' = V t / K  ( 48) 

VIO(rn) =o, (494 

Using these relations one obtains 

(494 

On comparing these expressions with the TI Born ap- 
proximation expressions given by Eq. (18), one finds 

e equivalences 

PIP = [# (v-1) ~ l ' ~ ~ l ~ ( R ) ~  ($04 

When these expressions along with Eq. (41) are used 
in the expression for the degeneracy-averaged transi- 
tion probabilities [Eq. (44)J obtained by the TD 
methods, one obtains expressions which are identical 
with those given by Eqs. (12) and (f4),  obtained 
from the RDW approximation to the TI expressions 
in the large I: limit. The above TD formulation has 
also been obtained by a different method of summa- 
tion, giving identical results (see Appendix). 

Eqs. (46a) and (46e) [in connection with Eqs. (49) J 
agree with the results of Ref. 9(a) for the special cases 
treated there. Eqs. (45) and (46) also reproduce the 
m and j selection rules of Ref. 9(b) for the "parallel" 
configuration. However, the present results disagree in 
the "perpendicular" case; "Rule 2" of Ref. 9(b) ap- 
pears to be incorrect. For the "perpendicular" configu- 
ration there are no rrc selection rules. 

J 

Ikr, COMCL%TID%NG REMARXS , 

In general, these first-order methods can be expected 
to give accurate transition probabilities only when the 
probabilities are small. Since the S matrix in the DWA 
is not unitary, its Born limit cannot be better. Similarly, 
for the TD case, although the sum of the transition 
probabilities from a given state cannot exceed unity 
in the SA, this restriction is lost in the first-order 
~ ~ ~ ~ i ~ ~ t - 1 ~ ~ ~  ~ ~ ~ ~ o ~ ~ ~ ~ t ~ ~ ~ .  

For &e Born treatment, the accuracy of the slsytnp- 
totic ~ ~ ~ ~ ~ x ~ ~ ~ t ~ o ~  compared Eo the 
5 u l b  depends on the fom of the radial p 
For the inverse ~~~r ~ ~ ~ e ~ t ~ ~  (results 

--. 
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XI) the qundr,ttures EEq. (23)3 are independent of the 
energ-. Thus, the gooducss of the asymptotic approsi- 
ination dcpends only on I, v ,  and the power of the 
potentid For thc t.\niiiple chosen, provided I $  24, qda)  
agrccs with ylo within 1%. llowever, sirnilnr agreement 
for qpr and q13-I would require l5 !m. 

Wic sifit;\ticm is qttjtc ~ ~ i ~ ~ ~ i ~ ~ f s ~ ,  ~IOIVCVCI-, far tlic cs- 
pontntinf p t C ) l t i i i 9  (%‘:&lc IV ) ,  f !WO, the CX;K% JBorn 
quadrature [Eq. (SO)] docs depend on the energy, 
nnd i~ appears that bp* rather than 1 is the best index 
of the accuracy of the ssyniptotic approximation. For 
bp*S 1.0, the apprositnation is within 1% for qlo; how- 
ever qt,*Z(a) still has not convrrged for b,*> 10. 

I t  is also noted that the accuracy of the asymptotic re- 
sulk improves as the incident energy decreases. Thus 
the best agreement between exact Born and asymptotic 
results is espected in a region where Lfie high-energy 
approximation itself is inappropriate. This appears to 
be a serious qualification of the usefulness of the asymp- 
totic formulas for the case of the exponential potential. 

The equivalence Q€ the Born approximation and the 
first-order limit of the sudden approximation for the 
collision of a diatomic molecule and an atom has been 

denionstrated explicitly. Formulas have been derived 
for the detailed inelastic transition probabilities for 
rotational transitions jw-+j f t ’  [Eqs. (45)* and (46) 3. 
The degeneracy-averaged transitions probabilities 
(j+j’) €or an inverse power potential V’o(R) =CnR-n 
are given by 

5 ay j & L , j  I n) ~~~nL(e;(nnt/~’OIEl~l)P, ( s a )  
where the ftictor F,L i s  a kaown, dowIy wrying func- 
tion of 12 (Table I), ab is the coefficient of the Lth-order 
Legendre anisotropy, v=fi l</p is the ~ ~ ~ ~ i t ~ ~ e  of the 
retative vetocity, and b is the impwt pantmeter. For 
an e,xponential potential Yo(12) =CperR/o, the t am& 
tion probabilities are 

P( j f L ,  j I P) = G , , L ( C , ~ L ~ ~ ~ ’ P / ~ ~ } ~ ,  (53) 

where G,,, is a lcnown factor which, for iarge b/p  Is 
proportional to l / b .  Note that Eqs. (52) and (53) 
show the same quadratic dependence OR a ~ ,  l / v ,  and 
the strength parameter of the potential IC, OK Cn); 
also, they both exhibit a strong inverse: ~ e ~ ~ n ~ ~ ~ c e  
upon the Impact parameter, 

~~~~~~~ 

This appendix presents an alternate method or‘ reducing the TB-SA formulation to the Born results for the 
j+jf transition probability. The formulation and notation follow Kef. 9(b), and the w e  illustrated is for the 
inverse power potential, Eqs. ( I )  and (aa), with .n=6 and L=2. 
Pn a situation similar to Ref. 9(b), the molecule is at  rest in a weak electric field B and has eigenfunctiws 

K;”(B) 4) The atom (whose coordinates are (Of( f )  +’(l) 1 approaches from an arbitrary direction, 01. Then, an&- 
gous to Eq. (32), one can define G in terns of a new set of angles (&”, #”} ~ t h  respect to .a! 

where (qjo, 80, a) are the EuPer angles that relate the (6, 4) reference frame to that of (P, This yMds wn 
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where f and h may be 0, +2, or -2. 

and 4.6.1 of Ref, %'(a) 
The integral over (#o, eo, e) of the product oil the four rotation matrices can be evaluated utilizing Egs. 4.3.2 

Substituting this result and Eq. 4.6.3 of Ref. B(a)  into Eq. (A$) gives 

The result of these summations is 


