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ABSTRACT 

Computations (exact w i t h i n  t h e  c l a s s i c a l  framework) are 

presented of t h e  t r a n s l a t i o n a l  absorpt ion s p e c t r u m  for a model 

system of d i s s i m i l a r  rare  gas atoms chosen t o  s imulate  the  He-Ar 

p a i r .  The t reatment  makes use of the c l a s s i c a l  theory of Levine and 

Birnbaum. However, the procedure takes  proper account of t h e  non- 

l i n e a r  c o l l i s i o n  t r a j e c t o r i e s  (evaluated on t h e  b a s i s  of a r e a l i s t i c  

i n t e r a c t i o n  p o t e n t i a l  derived from beam s c a t t e r i n g  experiments) and 

t h e  t h e o r e t i c a l  form of the d ipo le  moment func t ion  (i.*e.j the & 

i n i t i o  computations of Matcha and Nesbet). The c a l c u l a t i o n s  reproduce 

the  experimental  (Bosomworth and Gush) l i n e  shape f o r  He-As  f a i r l y  

wel1,provided t h e  "dipole range parameter" i s  a l t e r e d  by some 7g 

from i t s  ab i n i t i o  value.  

* Research supported by Nat ional  Aeronautics and Space Adminis t ra t ion 
Grant NsG-275 -62. 



I. In t roduc t ion  

T r a n s l a t i o n a l  abso rp t ion  s p e c t r a  or col l is ion-induced absorpt ion 

( C I A )  curves were f i r s t  observed i n  rare gas mixtures i n  t h e  i n f r a r e d  

by K i s s  and Welsh w i n  1959. They c o r r e c t l y  a t t r i b u t e d  t h i s  absorpt ion 

t o  t h e  t r a n s i e n t  e l e c t r i c  d i p o l e  moment formed during a c l o s e  

encounter between two d i s s i m i l a r  r a r e  gas atoms. They observed only 

the  high frequency wing of t h e  abso rp t ion  band 4, 3 350 cm ). The 

complete band was l a t e r  seen by Bosomworth and GushJwworking i n  the  

f a r  i n f r a r e d .  They were ab le  t o  observe abso rp t ion  f o r  helium-argon 

-1 

and neon-argon mixtures,  bu t  f o r  helium-neon t h e  absorpt ion was t o o  

weak t o  be observed. The C I A  curves a r e  broad bands s t a r t i n g  a t  very 

low f requencies  and extending over a range of s e v e r a l  hundred wave 

-1 
numbers, with a broad maximum occurr ing i n  t h e  r e g i o n  100-200 cm . 

The f i r s t  d e t a i l e d  t h e o r e t i c a l  d i scuss ion  of c o l l i s i o n  induced 

(or " t r a n s l a t i o n a l " )  abso rp t ion  i s  t h a t  of P o l l  and van K r a n e n d o n k y  

who have der ived expressions f o r  t h e  i n t e g r a t e d  abso rp t ion  

c o e f f i c i e n t s  i n  terms of a quadrature  involving the  intermolecular  

p o t e n t i a l  and t h e  induced d i p o l e  moment. Their  work did n o t  y i e l d  

a d e t a i l e d  l i n e  shape, however. 

who employed a quantum mechanical formulation of absorpt ion,  t he  

This was f i r s t  done by T a n i m o t o y  

d i p o l e  moment ma t r ix  elements taken between s c a t t e r i n g  s t a t e  wave 

func t ions .  He used an exponen t i a l ly  decaying r a d i a l  dependence 

both f o r  t h e  intermolecular  p o t e n t i a l  and induced d i p o l e  moment. 

Since he d i d  no t  so lve  the r a d i a l  Schroedinger equat ion a n a l y t i c a l l y ,  

1 
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he r e s o r t e d  t o  s e v e r a l  approximations, of unce r t a in  v a l i d i t y .  I n  

add i t ion ,  t h e  only d a t a  a v a i l a b l e  for  a n a l y s i s  were the less accu ra t e  

h igh  frequency wing r e s u l t s ,  s o  h i s  eva lua t ion  of the parameters 

w a s  such t h a t  t h e  computed o v e r a l l  l i n e  shape was u n r e l i a b l e .  I n  

p r i n c i p l e ,  however, he completely solved t h e  l i n e  shape problem. 

This  work was followed by the independent work of Levine and 

B i r n b a u g w h o  c a l c u l a t e d  the  l i n e  shape c l a s s i c a l l y ,  employing 

c l a s s i c a l  r a d i a t i o n  theory t o  determine the emission spectrum and 

convert ing t h i s  t o  absorpt ion by means of K i r c h o f f ' s  law. By 

us ing  a simple modified gaussian-type r a d i a l  func t ion  t o  desc r ibe  

t h e  induced d i p o l e  moment funct ion,  and assuming s t r a i g h t -  l i n e  

t r a j e c t o r i e s ,  an a n a l y t i c  expression w a s  obtained f o r  t he  e n t i r e  

spectrum which could be w e l l - f i t t e d  t o  t h e  experimental  da t a .  

Thus, they were t h e  f i r s t  t u  be ab le  t o  reproduce the  complete 

l i n e  shape. 

dependence of t h e  C I A  ( p a r t i c u l a r l y ,  frequency moments of t he  

abso rp t ion  band) on the r e p u l s i v e  p a r t  of t he  i n t e r a c t i o n  p o t e n t i a l .  

H e  found t h a t  the temperature dependence of t h e  absorpt ion i s  a 

much more s e n s i t i v e  probe i n t o  t h e  atomic p o t e n t i a l  than some of 

t h e  more convent ional  techniques (e. g. , t h e  second v i r i a l  

c o e f f i c i e n t  or t r a n s p o r t  p r o p e r t i e s ) .  H e  a l s o  emphasized the 

important q u a l i t a t i v e  d i f f e r e n c e  i n  s e n s i t i v i t y  between v i r i a l  and 

t r a n s p o r t  da ta  and C I A  observat ions.  I n  t h e  former, t he  measurements 

c o n t a i n  s u b s t a n t i a l  c o n t r i b u t i o n s  from l i k e  atom i n t e r a c t i o n s ,  and 

i t  i s  d i f f i c u l t  t o  o b t a i n  by "subtraction" of s u i t a b l e  combinations 

This  work was followed by F u t r e l l e y w h o  s tud ied  the  
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of d a t a  information on the  un l ike  atom i n t e r a c t i o n  (V ). Since 

it i s  the  Vab 

p o s s i b i l i t y  af be ing  a d i r e c t  probe i n t o  un l ike  i n t e r a c t i o n s .  

The only  o ther  experiments y i e l d i n g  t h i s  information a r e  e l a s t i c  

s c a t t e r i n g  of atomic beams and thermal d i f f u s i o n  c o e f f i c i e n t s .  

ab 

t h a t  c o n t r i b u t e s  t o  the  CIA, t h i s  method has the 

A l l  of the  above assumes t h a t  t he  i p o l e  moment func t ion  i s  

known. This func t ion  can i n  p r i n c i p l e  be obtained from a quantum 

mechanical c a l c u l a t i o n ;  w i th in  the  Hartree-Foek approximation t h i s  

P has been done by Katcha and Nesbet w They found t h a t  Qr) can 

be w e l l - f i t t e d  by an exponen t i a l ly  decaying r a d i a l  func t ion .  This 

form has been used i n  a l l  t he  t h e o r e t i c a l  i n v e s t i g a t i o n s  except  

t h a t  of Ref. 5. Even though t h e  numerical va lues  of t he  Har t ree-  

Fock evaluated /L(r ) a r e  appr oximate 

(exponent ia l )  i s  probably q u i t e  r e a l i s t i c .  Thus , i f  the  in te ra tomic  

p o t e n t i a l  were known, the  CIA d a t a  could y i e l d  the  parameters of 

t he  f unc t iona E form 

the  e x p o t e n t i a l  func t ion  fo r  F u t r e l l e  w has s tudied  the  

P’ dependence of var ious  moments of the  absorp t ion  data, on both 

and the  p o t e n t i a l  and has shown how t o  sepa ra t e  the  e f f e c t  of these  

two unknown q u a n t i t i e s .  Most r ecen t ly ,  Okada, Kajilcawa, and 

Yamamot y h a v e  ca l cu la t ed  abso rp t ion  curves for  a hard-sphere 

p o t e n t i a l  and an exponen t i a l ly  decreas ing  d ipo le  moment func t ion ,  

This was done by way of t he  d ipo le  moment a u t o c o r r e l a t i o n  func t ion  

approach. \10/ 
I n  view of t h e  above, i t  seems d e s i r a b l e  t o  c a r r y  out  an 

exac t  computation of a l i n e  shape for a r e a l i s t i c  d ipole  moment 
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func t ion  and in te ra tomic  p o t e n t i a l ,  us ing  the c l a s s i c a l  electrodynamic 

method of Levine and Birnbaum but  employing exac t  c l a s s i c a l  

t r a j e c t o r i e s .  Many of t he  i n t e g r a l s  t h a t  appear a r e  s i m i l a r  t o  

t hose  s tud ied  by Berns te in  and Krameruin the  a p p l i c a t i o n  of t h e  

sudden approximation t o  the  r o t a t i o n a l  e x c i t a t i o n  of molecules by 

atoms. The p resen t  paper thus  r e p o r t s  l i n e  shape ca l cu la t ions  fo r  

an exponent ia l  d i p o l e  moment func t ion  and a Lennard-Jones (12,6) 

i n t e r a c t i o n  p o t e n t i a l .  The dependence of t h e  l i n e  shape on the  

var ious  parameters of t he  system i s  explored.  The r e s u l t s  can 

se rve  a s  an  exac t  "model c a l c u l a t i o n "  a g a i n s t  which var ious  approxf- 

mate theo r i e s  may be compared. 

11 

11. General Rela t ions  

The s t a r t i n g  po in t  of Levine and B i r n b a u m ' y a n a l y s i s  i s  

Kirchhoff ' s  law, r e l a t i n g  the  absorp t ion  c o e f f i c i e n t  A ( N )  t he  

power due  t o  spontaneous emission per u n i t  frequency i n t e r v a l  per 

u n i t  volume of sample  I(a) : 

where c i s  t h e  speed of l i g h t  and IC(&) i s  the  d e n s i t y  of b lack  

body r a d i a t i o n .  Levine and Birnbaum argue t h a t  the Rayleigh-Jeans 

law is  t h e  appropr i a t e  form of 

f a c t  t h a t  %;w/kT i s  not  << \ 

u(~) t o  be used;  d e s p i t e  t he  

over much of the  range of t he  
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experimental  data;  t hus :  

The q u a n t i t y  H ( 1 A ; I )  can be w r i t t e n  as an average over power 

from va r ious  classes of co l . l i s ions ,  

where N(b,E)dbdE 

u n i t  t i m e  with impact parameter i n  t h e  range b,b 9 db and r e l a t i v e  

energy i n  the range E,E 4- dE;  assumed known from k i n e t i c  theory* 

The emission i n t e n s i t y  I (w ,b,E) 

formula f o r  t h e  power emit ted by  an a c c e l e r a t i n g  charge,  I n  

terms of the induced d ipo le  moment I (Gcl,b,E) i s  given by 

i s  the number of c o l l i s i o n s  per u n i t  volume per 

A 
i s  obtained from Larmor's 

h 

where p ( b , E , t )  i s  t h e  t r a n s i e n t  d i p o l e  moment of the col l . iding 

p a i r .  It i s  assumed t h a t  t h e  d ipo le  moment i s  d i r e c t e d  along the  

i n t e r n u c l e a r  a x i s  and a func t ion  only of t h e  scalar magnitude of 
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It i s  through r t h a t f  depends upon t , b ,  and E ,  i o e s 3  through 

t h e  dynamics of t he  c o l l i s i o n .  It i s  here,  of course,  t h a t  t he  

i n t e r a c t i o n  p o t e n t i a l  e x e r t s  i t s  in f luence ,  

A convenient coordinate  system i n  which t o  decompose 

i s  t h e  Car t e s i an  system shown i n  Fig.  1. Noting the angle Ib(t) 

i n  Fig.  1, one writes 

I n  terms of more convent ional  angles  used i n  c l a s s i c a l  c o l l i s i o n  

theory,  

he re  eo i s  t h e  angle between the apse l i n e  and the  x p  a x i s  

(incoming t r a j e c t o r y )  and i s  the angle  of d e f l e c t i o n .  The 

ze ro  of time i s  taken t o  be t h a t  a t  which r assumes its minimum 

value,  r . With t h i s  choice of the o r i g i n  of t i m e ,  /M,(t> and 
0 

/c(?(t) are odd and even funct ions of time, r e s p e c t i v e l y ,  and s o  
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A t  t h i s  po in t  t he  f u n c t i o n a l  form. of t h e  d ipo le  moment funct ion 

muat be introduced. Computationsvshowed t h a t  P ( r )  can be 

f i t t e d  c l o s e l y  by a simple exponent ia l  func t ion  over t h e  e n t i r e  

range of i n t e ra tomic  sepa ra t ions  considered, v fz .  2,O < r < 5,5 a.u.  

Matcha and Nesbet V r e p o r t  va lues  of /to and p f o r  the  r a r e  

gas p a i r s  He-Ne, H e - A r ,  and N e - A r .  S u b s t i t u t i n g  Eq. ( 9 )  i n t o  

Eq. (8), l e t t i n g  7 = w t  , one ob ta ins  

m where 
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and 

P 

The time evolu t ion  of f , ( / r )  and f 2 ( r ]  is determined 

by the c o l l i s i o n  dynamics of t he  c o l l i d i n g  p a i r .  

c o l l i s i o n  theory one has 

From c l a s s i c a l  

and 

I n  Eqs. (13) and (14), m i s  the  reduced mass of the  c o l l i d i n g  

p a i r ,  2 z .1-/. , and 

where E i s  the  c o l l i s i o n  energy and V(y) i s  the  p o t e n t i a l  

energy func t ion;  

t o  the  outer  t u rn ing  po in t )  of 

i s  given by the  inner  r o o t  (corresponding 
YO 

F(yo) = 0 . 
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The in te ra tomic  p o t e n t i a l  i s  not  known wi th  g rea t  p r e c i s i o n  

even f o r  r a r e  gas atoms. Matcha and Nesbet have ca l cu la t ed  V(r) 

fo r  t he  r a r e  gas p a i r s  i n  t h e  same Hartree-Fock b a s i s  used for  

/Cc( r ) ;  a l though it would perhaps be more c o n s i s t e n t  t o  use t h i s  

V ( r )  i n  the  p re sen t  c a l c u l a t i o n ,  i t  i s  w e l l  known t h a t  such 

p o t e n t i a l s  (obtained i n  the  Hartree-Fock approximation) a r e  pure ly  

r epu l s ive .  However, d i r e c t  atomic beam s c a t t e r i n g  measurements a t  

thermal  ene rg ie s  have ind ica ted  t h e  need f o r  a t t r a c t i v e  " t a i l s " ,  

and s o  the  s tandard "experimental" Lennard-Jones (1?,6) p o t e n t i a l  

may be more r e a l i s t i c  and p r e f e r a b l e  i n  the  present  app l i ca t ion .  

Thus it i s  assumed t h a t  

where and tS have t h e i r  u sua l  meanings. To reduce the  

lengths  and ene rg ie s  t h a t  appear i n  the  ca l cu la t ion ,  q u a n t i t i e s  

a r e  defined such a s  b*= b /c r  , 
V z V/E . I n  terms of these  reduced q u a n t i t i e s ,  Eq.  14 

be c ome s 

a% 
f l u -  , E E E / E  , 

* 



l o  

where 

Y 

Eqs. 13 and 18 now express  9(y> and T ( y )  as funct ions of the 

reduced impact parameter b and the reduced energy E These 
* 

(19)  

The t o t a l  power emitted per u n i t  frequency in t e rva l .  per u n i t  

volume i s  

where 

I n  E q .  21, VA and qB are the numbers of i-mlecules pe r  a n i t  

volume of the two c o l l i d i n g  spec ie s  and T‘ZE kT/g . F i n a l l y  

then, by E q s .  1, 2, 19, 20, and 21: 
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0 
Assuming t h a t  t he  r a r e  gas mixtures a r e  i d e a l  at 0 C and 1 atms., 

then 

and the  q u a n t i t y  presented experimental ly  by Bosomworth and Gush V 
i s  

where dA and dg a r e  d e n s i t i e s  expressed i n  amagats. The 

c a l c u l a t i o n  of 

& ( W,b*, E ) and i t s  i n t e g r a l  over b* and E w i l l  be 

A(L3) and p a r t i c u l a r l y  the  c a l c u l a t i o n  of 
* * 

discussed i n  d e t a i l  i n  Sec. 111. It i s  a l s o  of some i n t e r e s t  t o  

cons ider  a r e l a t i o n s h i p  due  t o  P o l l  and van K r a n e n d o n k , ~ v i z .  
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Here g ( r )  i s  the  r a d i a l  d i s t r i b u t i o n  funct ion,  which f o r  t he  

p re sen t  case i s  simply exp [-f l Nr)] . P o l l  and van JCranendonk V 
and F u t r e l l e  v have derived and used expressions fo r  o the r  moments 

of the spectrum. 

111. Summary of Computational Procedures 
.& .j.c 

The input  parameters f o r  the program a r e  E s U . 3  
>v * 

defined by d$(m/Z&'9 and t a b l e s  of predetermined va lues  y,(b , E  1 
* 

(b JE*)s Tables of F(y) ,  8 ( y ) ,  and J(v) are constructed,  

the l a t t e r  two being evaluated by t r a p e z o i d a l  r u l e .  

case (W = 3 2 . 4  and 

i n t e g r a t i o n  was 0.001 (same f o r  a l l  values of E"). The 

For a " ' typical" 

p* = 0.125), the i n t e r v a l  s i z e  used i n  the 

c o n s t r u c t i o n  of t hese  th ree  t a b l e s  i s  done only once (€OK t h e  f i r s t  

value of W) s i n c e  they are  independent of w' and s to red  fo r  

subsequent use.  Using Eq. 17,  

Incrementing 

values  of J and y (and hence @(y)) y i e l d s  the y ( T )  and 

by AT' and i n t e r p o l a t i n g  f o r  t he  corresponding 

S ( T )  t o  be used i n  the  eva lua t ion  of I1 and I2 : 
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a h  in  Eq:  27 

a h a  e ing .deCermine 

such t h a t  t h e  change i n  t he  value of R 

I . .  

f o r  t he  l a s t  two consecut ive values  o 

than or equal  t o  2 x  of t h e  value of R .  (see P ig .  5).  The program 

next  determines the  l i m i t  b t?egr&tiog of R(b , E 1 

over b This  i n t e g r a l  i s  

9c %* .A 

max * 
?!- 

L x  * ' E? . .  (29 1 
1 , 

x- 

The maximum value of R ( i  . i s  searched out  and the  

maximum al lowable e r r o r  i s  

l i m i t  of b i s  senected such t h a t  R 

- , 

' *  

The mesh s i z e  of i n  Eq.  2 
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ak 
This  i s  done up Rmax a r e  recomputed a t  t h e  value of b g iv ing  

t o  t h r e e  times u n t i l  R changes by l e s s  than  2 I f  t he  o r i g i n a l  

mesh s i z e  i s  s a t i s f a c t o r y  the  va lues  of A a l r eady  c a l c u l a t e d  a r e  used 

i n  Eq. 29, otherwise t h e  c a l c u l a t i o n  i s  redone wi th  a f i n e r  mesh. 

max 

This  recomputation r e q u i r e s  ob ta in ing  again the  necessary 

9(y)  , and J ( y )  va lues  for  each W,b , and E bent t h i s  was seldom 

F(y), 
%i: %t. 

necessary.  Af te r  a r e l i a b l e  R i s  obtained the  program proceeds t o  

t he  eva lua t ion  of D(E*) . 
t y p i c a l  mesh s i z e  of 0.1. 

over E t o  give t h e  abso rp t ion  ( t o  wi th in  a m u l t i p l i c a t i v e  cons t an t ) :  

This  i s  done by t r apezo ida l  r a l e  with a 
* 

The l a s t  s t e p  is  the  i n t e g r a t i o n  of D(E ) 
* 

src 
It i s  convenient t o  t ransform the  v a r i a b l e  of i n t e g r a t i o n  from E 

t o  z = AE* , t o  g ive  

where 

* 
&(z) i s  c a l c u l a t e d  a t  a l l  t he  values  of E 

30,50 and 100); in te rmedia te  va lues  a r e  computed from an i n t e r p o l a t i o n  

(v iz . ,  X,2,3,5,POY20, 

i s  then in t eg ra t ed  t o  
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except  fo r  the m u l t i p l i c a t i v e  cons tan t .  

F igures  2-8 i l l u s t r a t e  t y p i c a l  behavior of the var ious  i n t e r  - 

I1 mediate q u a n t i t i e s  def ined above, s t a r t i n g  wi th  the in tegrands  of 

and I2 of Eq. 27 vs. T and ending wi th  1 i n  Eq.  30. F igs .  

2a and 2b show t h e  in tegrands  of Ip and us. I" ,? i . e .  t h e  

f , ( T )  s i n T  and f 2 ( T )  cos? of Eq. E2 u s .  T fo r  the  parameters 

b* = 0.7, E 

and 2b for  W = 32.4. Next i n  the  progression of the program i s  the  

* 
= 10-0 and p" = 3.125, F i g .  2a i s  f e r  W =: 16.2  

2 2 q u a n t i t y  A = I1 9 I2 vs .  W which i s  shown in Pig.  3 for the  
* 'A. 

parameters b* = 0.7 and E = 10.0. The t h r e e  curves for  = 8.110, 

0.117, and 0.125 show increas ing  maxima, F igs .  3a and 3b show A Q S ~  bJS 

for  E = 10.0 , = 0.125 and W = 1 6 . 2  and 32.4, r e spec t ive ly .  

Next shown i s  R i~ b A v s ?  b* i n  F igs .  Sa and 5b, again  for  

E = 10.0 , f k  = 0.125 and W = 16.2 and 32.4 

bc Jz 

* 
* 

The i n t e g r a l  o€ 
3; * * 

R over b , D(E ) vs.  E i s  shown i n  F igs  6a and 6b for  
* 

= 0.125 , and W = 16.2 and 32.4 r e spec t ive ly .  

Unti l  now t h e  temperature has  not entered the  ca l cu la t ion .  It  

f i r s t  appears  i n  t h e  energy i n t e g r a t i o n  (through the d i s t r i b u t i o n  of  

r e l a t i v e  v e l o c i t i e s ) ,  and Figs  7a and 7b show t h e  integrand .> 
* 

p l o t t e d  for  

Last ly ,  Fig.  8 shows the r e s u l t  of the  energy h t e g r a t i o n ,  i , e .  

f'* = 0.125 , T = 11.6 (295'K) and W .- 16.2 and 32.4  . 

* 
I vs. W for  f* = 0.125 and T = 11.6 (295'K). T h i s  series of 

f i g u r e s  d i sp l ays  the  progress  of the  computation as one proceeds t o  

the  complete l i n e  shape. 
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I V .  Resu l t s  

I n  t h i s  s e c t i o n  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  (Eq. 24) a r e  

presented,  p a r t i c u l a r l y  t h e i r  dependence on s e v e r a l  of t he  inpu t  

parameters.  These a r e  

moment over lap  func t ion ;  

func t ion ;  and qJ and 

For the  d ipo le  moment func t ion  

t h e  cons t an t s  were t a k e n v t o  be 

The p o t e n t i a l  parameters were taken from the  molecular beam 

f , t h e  range parameter of t h e  d ipo le  

t h e  s t r e n g t h  of t h e  d ipole  moment Po 
G , t h e  Lo -J. (12,6) potent ia l .  parameters.  

[r) =Po exy(- ./p) 
= 33.7 debyes and = 0 .359~10  cm. 

f a r  Be-Ar , 
-8 

/L" 
Po P 

-8 - 15 
(J- = 3.07 x 10 cm., 6 =3.50x10 L J  measurements of D&en e t  a 1  

e r g s .  For t h i s  q u a r t e t  of parameters,  /OIL. =. 0.117 and the  

reduced temperature a t  which t h e  da t a  where obtained (295OK) i s  

T = 1 1 . 6  . Fig .  9 shows curves of A vs.  F ( c m  ) fo r  t he  "range 

r a t  i o "  J* = 0.110, 0.117, and 0.125, Comparison of t he  lowest 

curve with the  experimental  da t a  of F ig .  11 shows t h a t  t he  A(C) 

values  ca l cu la t ed  wi th  

order  of magnitude. However, A ( C )  i s  extremely s e n s i t i v e  t o  , 
a s  seen i n  Fig.  9. The h i g h e s t  curve, for  

ac tuadly  computed, bu t  obtained by a s h o r t  e x t r a p o l a t i o n  of A ( ( T )  

vs .  f* fo r  each frequency, i n  an  attempt t o  ob ta in  t h e  b e s t  f i t  

t o  t h e  experimental  da ta .  ( I n  view of the  unce r t a in ty  i n  e x t r a -  

po la t ion, t he  ?* = 0.1275 curve must, of courses  be considered 

only approximate).  

* -1 

?* = 0.110 a r e  too  small  by nea r ly  an 

PX 
p" = 0.1275, was not  

It can be seen from Figs .  11 t h a t  t h e  ca l cu la t ed  

(ex t rapola ted)  r e s u l t s  peak s l i g h t l y  t o  lower f requencies  than the  

experimental  da t a .  Since t h e  ex t r apo la t ions  were of a s h o r t  range, 
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i . e .  from 0.110-0,125 t o  0.1275, they should be q u i t e  r e l i a b l e .  

This i s  even more s u b s t a n t i a t e d  i n  Figs .  10 and 12 ,  where the 

q u a n t i t y  A(c1-1 E A ( T ) / C r  i s  considered. F ig .  10 shows t h i s  

func t ion  f o r  the t h r e e  values  of  fo r  which computations were 

performed and t h e  one ex t r apo la t ed  curve.  I n  t h i s  case the value 

f3" = 0.1257 (a much smaller e x t r a p o l a t i o n )  seemed t o  give the 

IJ 

dc 
f' 

b e s t  f i t  t o  t h e  d a t a ;  the comparison i s  shown i.n P ig .  12 .  I n  

n e i t h e r  Fig.  10 nor 12 was any parameter o the r  than changed e 

It would, of course,  be poss ib l e  t o  a d j u s t  t h e  p o t e n t i a l  somewhat 

t o  achieve a b e t t e r  f i t ,  but t he  main purpose of the p re sen t  s tudy 

was n o t  t o  "parametrize t o  a b e s t  f i t "  but t o  present  a series of 

e x a c t l y  ca l cu la t ed  r e s u l t s  f o r  a given s e t  of dipole  and p o t e n t i a l  

funct ions a g a i n s t  which approximate t h e o r i e s  of C I A  may be tes ted.  

F igs .  13 and 14 show the behavior of A ( C )  and A(U") f o r  

T = 200°K, 295'K, and 400°K f o r t h e  optimum value of f a  

before ,  t hese  curves were obtained by a s l i g h t  e x t r a p o l a t i o n  of t he  

t h r e e  curves computed fo r  f* = O.l l0 ,  O , l P 7 ,  0.125.) I n  F ig .  15 

a r e  presented a set of computed curves of A(W) f o r  a ser ies  of 

temperatures,  for  p" = 0.125. 

9c 

(v 

( A s  

(These curves did not involve 

e x t r a p o l a t i o n .  ) 

It should be emphasized t h a t  even though 

f maintained f ixed  and f *  va r i ed  (and hence 

cpCJ has been 

i t s e l f ) ,  one could 

e q u a l l y  have f ixed  f and v a r i e d  r ~ ~ .  However, s i n c e  t h e  f a c t o r  

i n  f r o n t  i n  Eq. 24 contains  only 

comes from the dependence of t he  i n t e g r a l .  It seems t h a t  

c* , the  overwhelming e f f e c t  
d. 
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can be found q u i t e  independently of the p o t e n t i a l  by t a k i n g  the  

r a t i o  of t he  f i r s t  two moments of the l i n e  shape, LE/ v i z .  k < O ) - l  

and Bq. (25), and s o  perhaps 
j0 

can be considered b e t t e r  known than 

qJ I n  view of t h e  u n c e r t a i n t y  of t he  f u n c t i o n a l  form of both 

/dC(r) and 

be l abor ing  

U(r) however, t h i s  po in t  i s  probably no t  worth 

V. Summary and Discussion 

A number of curves of c o l l i s i o n  induced absorpt ion l i n e  shapes 

have been computed i n  t h e  s p i r i t  of t he  c l a s s i c a l  formulation of 

Levine and Birnbaum These have been c a l c u l a t e d  for  a d ipo le  

moment over l ap  func t ion  suggested by the Hartree-Fock c a l c u l a t i o n s  

of Matcha and Nesbet v and a Lennard-Jones (12,6) interatomic 

I t  w p o t e n t i a l  obtained from the  s c a t t e r i n g  measurements of Duren e t  a l .  

The r e s u l t s  are presented i n  f i g u r e s  showing no t  on ly  t h e  f i n a l  

abso rp t ion  curves,  bu t  a l s o  a number of intermediate  q u a n t i t i e s  which 

might be of i n t e r e s t  i n  eonneetion with any approximate t h e o r i e s .  

The r e s u l t s  are found t o  be ve ry  s e n s i t i v e  LO t h e  r a t i o  of 

t h e  "ranges" of t h e  d ipo le  moment func t ion  and the  interatomic 

p o t e n t i a l .  From F igs .  13, 14 and 15 i t  i s  seen t h a t  t h e  r e s u l t s  

a r e  only moderately s e n s i t i v e  t o  the  value of t he  temperature, or t o  

p" 

e . It i s  a l s o  obvious (even without c a l c u l a t i o n s )  t h a t  the 

i s  simple quadra t i c .  The d r a s t i c  dependence on P o  dependence on 

p* , shown i n  F igs .  9 and 11, i n d i c a t e s  t h a t  a small change i n  

gives  r i s e  t o  a change P" , from 0.110 t o  0.125, i . e ,  10 
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i n  t h e  abso rp t ion  by nea r ly  a f a c t o r  of t e n .  

q u i t e  important and has h e r e t o f o r e  not been noted. This  implies  

t h a t  t h e  experimental  C I A  r e s u l t s  c o n s t i t u t e  an extremely s e n s i t i v e  

method of deducing JD* ; on t h e  other  hand, however, i t  suggests  

t h a t  p re sen t  & i n i t i o  c a l c u l a t i o n s  of J" are not  q u i t e  accurate  

enough t o  be p r a c t i c a l  i npu t  fo r  c o l l i s i o n  laduced absorpt ion 

Such a s e n s i t i v i t y  i s  

computations. Regarding the accuracy of t he  rare  gas d i p o l e  moment 

c a l c u l a t i o n s ,  Match w has s t a t e d  t h a t  t he  main source of probable 

e r r o r  i n  p 
wave func t ion .  Adding such terms should i n c r e a s e  the r e p u l s i o n  

i s  t h e  lack of c o r r e l a t i o n  terms i n  the  e l e c t r o n i c  

between e l e c t r o n s  on sepa ra t e  acorns and thus heighten the  d i s t o r t i o n  

e f f e c t ,  tending t o  inc rease  t h e  induced d i p o l e  moment. A l l  f a c t o r s  

considered, an e r r o r  of 5% i s  not a t  a l l .  s u r p r i s i n g - w  A l l  

of t h i s  u n c e r t a i n t y  does not. even take i n t o  account the poss ib l e  

long range c o n t r i b u t i o n  t o  p ( r ) -  The exponeneial  form re su l t s  

from the  short-range,  non-correlat ion,  caEeuEatFon, b u t  i t  i s  w e l l -  

known t h a t  t h e r e  should e x i s t  a long-range p a r t  s imilar  t o  t h e  long- 

range R c o n t r i b u t i o n  t o  t h e  p o t e n t i a l  (obtalned from second order 
-6 

p e r t u r b a t i o n  theory.w Buckingham \La/ has shown t h a t  the f i r s t  non- 

- 7  vanishing t e r m  i n  t h i s  long-range p a r t  goes as R but- t h i s  has  

n o t  been f u r t h e r  considered. 

The severe s e n s i t i v i t y  t o  f i s  a l s o  seen i n  the  i n t e g r a t e d  
* 

absorpt ion,  Eq.  25. Changing i n  t h i s  q u a n t i t y  from 0.11'9 t o  

0.125 changes ,&* by a f a c t o r  of s. 2 

was chosen such t h a t  p2 agreed with t h e  measured i n t e g r a t e d  absorpt ion.  

* 
The value of = 0.125 
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The f a c t  t h a t  t h e  maximum i n  t h e  l i n e  shape curve f o r  t h i s  p" was 

lower than f o r  t h e  experimental  d a t a  seems t o  i n d i c a t e  t h a t  t he  

c a l c u l a t e d  high frequency " ta i l"  would be higher  than experimental .  

Unfortunately,  computations were not  c a r r i e d  out  a t  f requencies  

g r e a t e r  than z. 240 em due t o  slow convergence of some of t h e  

i n t e g r a l s ;  however, t h e  r e s u l t s  are expected t o  be high, s i n c e  a 50% 

discrepancy i n  p2 

-1 

must be accounted f o r .  A similar behavior was 

found by Okada, Kajikawa and Yamamoto \9/ i n  t h e i r  r e c e n t  e a l c u l a t i o n s  

based on a r i g i d  sphere model. 

I n  conclusion, t he  p re sen t  paper has presented classical 

computations of t h e  t r a n s l a t 5 o n a l  absorpt ion spectrum f o r  a model 

system (approximating He-Ar) 

c o l l i s i o n  t r a j e c t o r i e s  (based on experimental  s e a t c e r i n g  s t u d i e s )  

and t h e  t h e o r e t i c a l  form of t h e  (exponent ia l ly  decaying) d i p o l e  

moment funct ion.  With a change of only 7% i n  t he  value of t h e  

range of t he  d ipo le  funct ion from the & i n i t i o  value of Ref. 7 

t h e  experimental  Pine shape was f a i r l y  w e l l  reproduced, confirming 

t h e  e s s e n t i a l  co r rec tness  of t he  o v e r a l l  procedure. 

t ak ing  account of t he  non-l inear  
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Figure Legends 

F ig .  1 Typica l  t r a j e c t o r y  and coord ina te  system i n  which 

Fig.  2a 

Fig.  2b 

F ig .  3' 

F ig .  4a 

Fig .  4b' 

Fig.  5a 

Fig.  5b 

F ig .  6a 

Fig.  6b 

F ig .  7a 

F ig .  7b 

F ig .  8 

F ig .  9 

F ig .  10 

computations were per formed e 

I1 and I vs. ?' f o r  b* = 0.9,  E = 10.0, f = 0,125, 

and W = 16.2.  

I1 and I2 ;Js. 

W = 32.4. 

A(b*, E*, f*, W) vs. 

p* = 0.110, 0.117, and 0.125. 

* * 
2 

dr * 
fo r  b = 0.7,  E = 10.0, p" = 0,125, and 

* 
W for  b* = 0.7, E = 10.0, and 

A(b*, E*, p*, W )  vs .  b* for  E" = 10.0, _p" = 0.125, 

and W = 16.2. 

A(b*, E*, p*, W) vs .  

W = 32.4. 

R vs .  b* for  E* = 10.0, p* = 0.125, and W = 16.2. 

R vs .  b* fo r  E* = 10*0, p* = 0.125, and W = 32.4. 

D(E*, f", W )  vs .  E* f o r  W = 16 .2 .  

D(E*, f*, W )  vs.  E for  W = 32.4 .  

&(E*, f*, W )  v s .  E for  W = 1 6 . 2 ,  

&'(E*, f*, W )  vs .  E* for  W = 32,4. 

1 vs W a t  295'K. 

A(T) v s  CT f o r  va lues  of = 0.110, 0.117, 0.125, 0.1275. 

The maximum of A(<) increases  wi th  inc reas ing  f e 

~ ( ~ i - 1  A(CJ-)/C v s . r  f o r  values  of = 0.110, 0,117, 

0.125, 0.1275. The maximum of  A ( F )  i nc reases  wi th  

inc reas ing  

* 
b* fo r  E = 10.0, jO* = 0.125, and 

* 
* 

* p" 

?* 
yv 

Ad 
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Figure  Legends (cont ' d )  

F ig .  11 Comparison of ca l cu la t ed  vs.  experimental  A ( < )  

fo r  fJ* = 0.1275 ( ex t r apo la t ed )  and T = 295'K. 
M 

Fig.  12  Comparison of ca l cu la t ed  vs. experimental  A ( d )  for  

y* = 0.1257 ( ex t r apo la t ed )  and T = 295OK. 

F ig .  13 A ( < )  v s *  cf fo r  = 0.1275 (bes t  va lue)  fo r  T = 200°K, P* 
295'K, and 400°K. 

higher  f requencies  wi th  inc reas ing  temperature e 

A ( C )  vs. C for  ?* = 0.1257 (bes t  va lue)  fo r  T 

295'K, and 400°K. 

The maxima inc rease  and move toward 

n0 
Fig .  14 200°K, 

The maxima decrease wieh inc reas ing  

temper a t  ur  e.  

F ig .  15 A ( Q )  vs.  CT fo r  va r ious  temperatures  and * = 0.125. 

These curves a r e  computed ( i . e . ,  no t  obtained by 

e x t r a p o l a t i o n )  a 
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