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ABSTRACT 

The  work  presented is a report  on theoret ical   s tudies  of C02  vibrat ional  

relaxation.  Major  emphasis  has  been  placed on  obtaining  models  for  calculat- 

ing  cross   sect ions  for   the  inelast ic   col l ison of a structureless  particle  with a 

C 0 2  molecule.  The  C02  molecule  itself is modeled  by  assuming  adiabaticity 

of the  electronic  motion, s o  that  the  only  participating  degrees of f reedom are 

the  translational  modes,   and  the  rotational  and  vibrational  modes of the C 0 2  

molecule .   The  analyses   reported  are   semiclassical   in   nature .   Methods of 

analysis ,   such  as  first order  perturbation  theory,   specifically  applicable 

only a t  low thermal  velocit ies  are  avoided. 

An empirical   approach  to  the  problem of specifying  the  intermolecular 

potential  is  adopted.  The  intermolecular  potential  functions  chosen  have  been 

simple  analytical   forms,  with  parameters which  can  be  varied  to  investigate 

their   influence,   or,   al ternately,   matched  to  available  experimental   data.  

Results of calculations  for  the  vibrational  excitation of CO are   repor ted ,   for  

both a model  which  includes  anharmonic  coupling  among  the  vibrational  modes, 

and  for  an  approximate  normal  mode  model. 

2 

Using  the  coupled-mode  model,  energy  transfer  from  the  (01 0 ) ,  (OOOl), 1 

and (10"O) C O  states  in  coll ision with ra re   gas   a toms w a s  studied.  Very 

close  coupling  between  the  symmetric  stretching  and  bending  modes is predicted 

during  such  coll isions.   The  asymmetric  stretch  state (OO"1) is found  to  be 

less  strongly  coupled  to  the  bending  mode,  lending  support  to a "two  temper- 

ature"  kinetic  model of the  vibrational  energy  modes  for C 0 2  - r a r e   g a s  

collisions. 

2 

Special   features  of a multistate  calculation of C 0 2  vibrational  excitation 

have  been  examined,  and  comparison  made  with a first order   per turbat ion 

calculation. It i s  found  that  for  some C 0 2  transit ions,   several   coupled  states 

must  be  retained  for  an  accurate  calculation,  even  at  quite low collision 

energies.  

Using  the  normal  mode  model,  the  effects of potential  anisotropy  and 

participation of the  rotational  energy  mode  were  investigated. It is found 

iii 



that  the  rotational  mode  can  make a contribution  to  vi.brationa1  excitation 

over  a considerable  range of relative  translational  energies  in  the  coll ision. 

The  degree of participation of the  rotational  mode is a strong  function of the 

potential  anisotropy.  Further,  the  overall  magnitude of the  probabilities 

for  vibrational  excitation  show  marked  dependence on the  potential  anisotropy. 

Both  coplanar  and  three  dimensional  calculations of the C 0 2  bending  mode 

collisional  excitation  were  made;  there  was  no  significant  difference  in  the 

two  calculations  over a large  temperature  range. 
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1. INTRODUCTION 

Vibrational  relaxation  in  gases is a nonequilibrium  process  that  has 

received  extensive  theoretical   and  experimental   study  in  recent  years.  

Interest   has  been  occasioned  by  the  importance of this   process   in   high  temper-  

ature  gas  f lows,  in  many  chemical  reactions,   and,  most  recently,   in  molecular 

gas  lasers. The  understanding  and  prediction of vibrational  relaxation  mecha- 

nisms  in   COZY  in   par t icular ,  is necessary  both  for   analysis  of the  gas  dynamic 

phenomena  occurring  upon  entry  into  planetary  atmospheres  and  for  performance 

analysis of CO  gas  lasers.  2 

The  work  presented  in  this  report is a theoretical  study of CO vibra- 2 
tional  relaxation.  Emphasis  has  been  placed on calculating  cross  sections 

for  the  inelastic  coll ision of a s t ructureless   par t ic le  with a CO molecule. 

The CO molecule  itself is modeled  by  assuming  adiabaticity of the  electronic 

motion, s o  that  the  only  degrees of f reedom  a re   the   t rans la t iona l   modes ,   and  

the  rotational  and  vibrational  modes of the CO molecule.  The  remaining 

paragraphs of this  introduction  outline,  in  more  detail,   some of the  consider- 

ations  entering  into  the  present  study. 

2 

2 

2 

Considerable  progress  ' -14  has  been  made  in  the  calculation of c r o s s  

sections  for  vibrational  energy  excitation  in  nonpolar  diatomic  molecules,  

and  in  prediction of the  overall  vibrational  relaxation  times  for  such  species. 

It has  been  shown,  however,  that a major  problem  in  these  calculations is the 

extreme  sensi t ivi ty  of the  cross  sections  to  potential   details ,   particularly at 

low  thermal  velocities  (Ref. 15, pgs.  685-691). In order   to   p red ic t   accura te ly  

the  absolute  magnitude of the  cross   sect ion  for   an  inelast ic   event  of this  type, 

the  inter-   and  intramolecular  potential   functions  must  be known accurately.  

Little is known,  however, of the  intermolecular  potential  function  for  C02, 

other  than  what is available  from  measurements of virial  coefficients.  Any 

choice of a potential  function  must  be  regarded as postulational. One requi res  

either  detailed  molecular  scattering  experiments  or  elaborate  large-scale 

quantum  mechanical  potential  calculations  in  order  to  establish,  ab  initio,  the 

correct  potential .  In  the  absence of such  investigations,  the  present  study  adopts 

an  empir ical   approach  to   the  problem of specifying  the  intermolecular  potential. 

1 
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The  intermolecular  potential   functions  chosen  have  been  simple,   analytical  

forms,   with  parameters   which  can  be  var ied  to   invest igate   their   inf luence,  

or ,   a l ternately,   matched  to   avai lable   experimental   data .  

A s  general  a t rea tment  as possible w a s  desired.  In par t icular ,  we 

have  a t tempted  to   model   those  features  which  distinguish  CO a l inear  

tr iatomic,   from  the  more  commonly  studied  diatomic  case.   Such  features 

include a more  marked  departure   f rom  spherical   symmetry,   the   inf luence 

of the  vibrational  bending  modes,  and  intermode  coupling  within  the  molecule. 

Several   theoret ical   t reatments  of C02  vibrat ional   re laxat ion  are   a l ready 

extant.  However,  each of them  possesses  at least  one of the  following 

l imitations : 

2’ 

16- 22* 

1. Restr ic t ion  to  a f i rs t   order   per turbat ion  approximation.  

2. Neglect of intermode  coupling  effects  within  the  CO  molecule. 

3. Neglect of molecular  rotation  effects  and  potential   anisotropy. 

16,18-21 

17-19 
2 

17,  20, 22 

The  studies  presented  in  this  report   examine  the  effect  on C02  vibrational 

excitation of the  removal of these  res t r ic t ions.   The  analyses   are   semiclassical  

in  nature.  It  can  be  noted  that,  in  recent  years,  completely  classical  models 

have  been  used  to  calculate  numerically  both  vibrational  energy  transfer  cross 

sections6’  11-14  and  reactive  scattering  cross  sectionsZ7’ 28 in  simple  mole- 

cules.   The  reactive  scattering  calculations,   in  particular,   have  met with 

considerable   success   in   interpret ing  molecular   beam  react ive  scat ter ing 

experiments.  In the  present  work,  however, it w a s  fe l t   desirable   to   re ta in  a 

quantum  mechanical  description of the  vibrational  modes of C02,  although 

translational  and  rotational  motions of the  system  are   descr ibed  c lass ical ly .  

The  quantized  nature of the  vibrational-energy  modes of CO is emphasized 

by  the  techniques  and  phenomena of experimental   studies.  One example is 

afforded  by  recent  experiments 2oy 29 in  which a vibrational  f luorescence 

2 

:::In addition  to  the  work of Refs.  16-22,  there  have  been  important  recent 
theoret ical   s tudies  (23-25) of near-resonant  vibration-to-vibration  and 
vibration-to-rotation  intermolecular  energy  transfer  between  C02  and  certain 
other  molecular  species (N2,  H20,  Hz).  These  studies  are of the  processes  
controlled  by  long-range  multipole  molecular  interactions,  which  are  dominant 
in  V-V t r ans fe r  at temperatures  below N 1000°K. (26)  Such  processes fall 
outside  the  scope of the  present  investigation. 
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technique is used  to  study  the  coll isional  deactivation of the  f irst   excited  state 

of the  asymmetric  stretching  vibration (OO"1) of C02  in   rare-gas   di luents .  It 
appears  that   this  deactivation  proceeds  by  means of intramolecular  vibration- 

to-vibrat ion  energy  t ransfer   during C 0 2  rare-gas   col l is ions.  It is found  that 

these  results  can  be  interpreted  only if Fermi resonance  and  Coriolis  mixing 

of the  C02  vibrational  states is considered. A second  example is the  analysis 

of the  behavior  and  performance of C02  in f ra red   lasers .  26 Application of 

theory  to   such  processes   makes a quantum  mechanical  treatment of the 

vibrational  states  extremely  desirable.  

Finally,  it   should  be  mentioned  that  it  is desired  to  apply  the  theory 

developed  in  this  study  over a wide  range of kinetic  temperature.   Thus 

methods of analysis  specifically  applicable  only  at low thermal  velocit ies,  

such as first order  perturbation  theory,   are  avoided. 

The  remainder of the  report  is in  three  major  sections,   Section 2 

discusses  the  model  adopted  and  develops  the  basic  equations  used  in  the 

study.  Section 3 presents  calculated  results  for  coll ision-induced  energy 

t ransfer   processes   among  the  var ious  vibrat ional   modes of the  C02  molecule.  

The  studies of this  section  emphasize  intramolecular  vibration-to-vibration 

(V-V) processes.   Section 4 presents  calculated  results  for  coll isional  ex- 

citation of a normal  mode  model of C02.  The  approximations  introduced  in 

this  analysis  make  i t   appropriate  for  calculation of the   ra te   for   d i rec t   t rans-  

lation-to-vibration  (T-V)  thermal  excitation of COz, and  it  complements  the 

V - V  calculations of Section 3 .  Molecular  rotational  effects  are  included. 

The  concluding  Section, 5, gives a final  discussion  and  summary of the  results 

obtained. 

3 



2. MODEL AND GOVERNING  EQUATIONS 

2. 1 BASIC  ASSUMPTIONS 

We consider  the  coll ision of the C 0 2  molecule  with  another  molecule, 

which  has  been  assumed  to  possess  no  internal  energy  modes,  i. e . ,   to   be  a 

structureless,  point-mass  type  particle.  The  following  approximations are 

also  made:  

1. Only  the  nuclear  motion of the C 0 2  molecule is specifically  consider- 

ed;  no  electronic  excitation is treated.  

2. The  rotational  and  translational  motion of the C 0 2  - M sys tem is 

t reated  c lass ical ly;  a quantum  mechanical  description of the C 0 2  

vibrational  motion is used. 

3.  Coupling  between  the  rotational  and  vibrational  motions,  created  by 

Coriolis  and  centrifugal  forces,  is neglected. 

4. The  intermolecular  potential   between C 0 2  and  the  coll ision  partner 

M is   taken  to   the  sum of pairwise  interactions  between M and  each of 

the  atomic  nuclei  in GO2. 

5. The  influence of vibrational  motion on the  rotational  and  translational 

motion of the C 0 2  - M system  is   neglected.  

Approximation 5 allows  the  effect of the C 0 2  - M collision  to  be  treated 

by a time-dependent  perturbation  acting on CO vibration, as w i l l  be  made 

explicit  below. 
2 

2 . 2  EXTERNAL MOTION 

Under  the  preceding  approximations,  the  I1external1l  translational  and 

rotational  motion of the C 0 2  - M is decoupled,  and is governed  by  classical 

equations of motion,  which  may  be  solved  separately  from  the  rest of the 

problem.  In  the  standard  fashion,  the  kinetic  energy of t ranslat ion of the 

center  of m a s s  of the  entire  molecule-particle  system  can  be  ignored,  using 

center-of-mass  coordinates ,   s ince  there  is no  potential  affecting  the  entire 

system. We therefore   consider  a system of space-oriented  coordinates  x,  

y, z with  origin at the  center of m a s s  of the  molecule. 

4 
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The  position of the  incident  particle  relative  to  the  scattering  center 

can be descr ibed   in   t e rms  of the  standard  scattering  coordinates ( R ,  @ , @ ) 
o r  E , as indicated  in  Fig. 1. 

2 

Fig. 2 shows  the  coordinate  system  used  to  describe  the  rotational 

motion of the C 0 2  molecule. It shows the  relationship  between a coordinate 

sys tem  (x '   y '  z ' )  fixed  in  the  molecule  and  the  previously  introduced  xyz  system 

of F i g .  1. A s  shown in  the  figure,  the z f  axis is the  molecular  axis, i. e. , the 

line of nuclear  centers  in  the  equilibrium  configuration of the  linear  triatomic 

C 0 2  molecule. 

Figure  2 

5 



ol. and  are  the  azimuthal  and  polar  angles  defining  the  location of the 

equilibrium  molecular axis, and  suffice  to  describe  the  rotational  motion of 

the  molecule,  since,  (approximation 5 above),  the  molecule wi l l  be   t reated 

as a rigid  rotator.  [The  additional  coordinates of Fig. 2 a r e   r e s e r v e d   f o r  

the  descr ipt ion of the  bending  vibrational  motion of the  molecule,  in  Section 

2.4  below] . 
Using  the  coordinates of Figs .  1 and  2,  the  classical  Hamiltonian  govern- 

ing  the  external  translational  and  rotational  motion  may  be  writ ten: 

1 2 2 - 2  
He = - ( R  P,' t Po + sin 0 P i  ) 

2 MR' 

where M is  the  reduced mass of the   C02 - M system, I is the  moment of 

iner t ia  of the  C02  molecule,  and v is the  zeroth  approximation  to  the  C02 - 
M intermolecular  potential;   i ts   explicit   form is derived  in  the  following 

section. 

0 

The  Hamiltonian of Eq. (2. 1) is used  to  form  canonical  equations of 

motion,  governing  the  collision of an  atom  and a (tr iatomic)  r igid  rotator.  

For   specif ied  ini t ia l   t ra jectory  parameters ,   these  equat ions  can be  solved 

numerically by  machine  computation,  obtaining  the  time  variation of the 

trajectory  coordinates R , @ 9 , a, /3 during  the  course of a CO - M 

collision. 
.C 2 
,I- 

2.3 INTERMOLECULAR  POTENTIAL 

A s  stated  above, we take  this  potential  to  be a linear  combination of 

6 



three  point-center  interactions 

3 
V (51 = E V'cr;) ( 2 . 2 )  

i - 1  

For  the  purposes  of discussion, it is assumed  that  Y''' represents   the 

distance  from  the  incident  particle  to  the i th nucleus of the C 0 2  molecule. 

However, as w i l l  be  discussed  below,  the  resulting  potential  can  be  para- 

metrically  varied  to  account  for  interactions  not  centered on  the  nuclei. 

We have  chosen,  for  the vi , simple  exponential  interactions.  In 

par t icular ,   for  v, , the  potential  centered on the  carbon  nucleus, we choose 

a linear  combination of attractive  and  repulsive  exponentials 

F o r  v2 , v, simple  exponential   repulsive  interactions  are  taken 

V3 = C, e 
- 013 r3 (2.4, 2.  5)  

The  distances r' can  be  written  in  terms of the  coordinates of Figs.  1 

and 2, and  the  vibrational  displacement  coordinates of the CO molecule.  The 

complete  result  is cumbersome,  and  will  not  be  quoted  here.  However, i f ,  

following  Takayanagi"), we expand  the  potential Eq. (2.   2) about  the  equilibrium 

positons of the  nuclei,  the  dependence of these  potent ia l   terms on the  vibrational 

coordinates  can  be  displayed  explicitly.  The  result of this  procedure  is  

2 

3 3 

Here ,  p Z ,  p3 are  the  equilibrium  (non-vibrating)  separations of the  incident 

particle  from  the  oxygen  nuclei of the C 0 2  molecule: 

I .  

7 



(2. 7a) 

Qs = [R2+rn2 - 2 B R  cos @'I ; 
112 

(2.7b) 

1 is the  equilibrium C - 0 separation,  and 0' is the  angle  between  and 

the  molecular  axis:  

- 

The  coefficients f i ,  jii , etc.   are  functions of the  external  coordinates 

R ,  @ ,  @, a I p ,  f only. 

The   te rms  on the first line of this  potential,  Eq. (2. 6), cause  purely 

elastic  scattering,  being  functions of the  translational  coordinate  only.  The 

t e r m s  on the  second  line  give  rise  to  rotational  transitions,  while  the  remain- 

ing  terms  create   s imultaneous  rotat ional-vibrat ional   t ransi t ions.  It is seen 

that  rotational  excitation  can  be  treated  independently of vibrational  excitation, 

but if  one retains  the  effect of vibrational  structure  in  the  potential,  one  must 

a lso  t reat   rotat ional   interact ions  to   maintain a consistent  level of approximation, 

The first th ree   t e rms   in   th i s   po ten t ia l   a re  similar to  the  potential  adopted 

by  Parker(30)  to  calculate  rotational  relaxation  t imes  for  diatomic  molecules.  

Parker,  however,  did  not  require all his  potentials  to  be  centered on the  nuclei 

but  allowed  the 2, 3 potent ia l   centers   to   be  c loser   to   the  mass   center   a long  the 

molecular  axis to  account  for  the  repulsive  interaction of the  electron  cloud. 

This  procedure  corresponds  to  let t ing ,! in  Eq. (2. 7a,  b)  be a var iable   para-  

m e t e r  which  can  be  less  than  the  equilibrium C - 0  separation. Raff (31) has  

shown  that  the  procedure  gives  rotational  excitation  cross  sections  which  can 

be  in good agreement  with  calculations  based on more  exact ly   determined 

potentials for simple  systems  such as H,- He . Thus,  although  it is acknow- 

ledged  that  pairwise  potentials,  such  as  Eq. (2. 2) ,  centered on the  nuclei, 

a r e  not  entirely  satisfactory,  one  can  approximate  the  true  potential  by  letting 

a be a var iable   parameter .  

The  decoupling  approximation  used  in  the  solutions  for  the  external 

motion  outlined  in  Section 2. 2 above  corresponds  to  the  neglect of the  potential 

t e rms   in   Eq .  (2. 6) which  involve  the  vibrational  coordinates.  Thus  the 

potential Vo used  in  the  Hamiltonian,  Eq. (2. l ) ,  is given  by  the  first  two  lines 
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of Eq. (2. 6): 

2 .4  INTERNAL  VIBRATIONAL  MOTION 

A quantum  mechanical  description of the  C02  vibrational  motion is used. 

The  quantum  mechanical  Hamiltonian  operator  for  C02  vibration is Written: 

H, = H, t u, 
where H, is the  operator  for  the  normal  mode  C02  description: 

and 4, are   the   f i r s t   o rder   anharmonic i ty   t e rms:  

Here,  si is the  symmetric  stretching  displacement.  s, + 2 1  is   the  displace- 

ment of the  two 0 atoms  re la t ive t o  each  other .  

sr, I /  are  the  bending  displacement  coordinates. s2 and f are   the  

cylindrical   coordinates of the  displacement of the c atom  relative  to  the  l ine 
joining  the  two  atoms.  This  distance is measured  perpendicular  to  the 

equilibrium  figure  axis (i. e. , the z '  axis  of Fig.  2).  Note  that,  with 

re ference  t o  F ig .  2 ,  the  x '  - 2' plane is defined as the  plane of the  bending 

motion of the  molecule; s2 is in  this  plane,  and $ specifies  the  orientation 

of this  plane  about  the  molecular ( z ' )  axis  relative  to  the  nodal  l ine  in  Fig.  2. 

s3 , the   asymmetr ic   s t re tching  displacement ,  is the  displacement of 

the c atom  along  the  equilibrium  figure  axis  relative  to  the  center of mass  of 

the 0 atoms. 
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The  solution of the  Schrodinger  equation  for  the  operator H, , 

yields  the  normal  mode  wave  functions v:o' and  energies E,  for   the   C02 

molecule.  It is a principal  feature of C02,  however,   that   the  observed IR 
and  Raman  spectra  are  not  entirely  consistent  with  such a purely  normal-mode 

model of the  vibrational  energy  states.  The  energies of some  kinetically 

important  C02  states  can  be  predicted  only if one considers  anharmonicity 

coupling  between  normal-mode  states  having  comparable  energies.  This 

mechanism is the  well-known  Fermi  resonance  coupling,  and it gives   r ise  

to  a "mixing" of some of the  normal-mode  vibrational  wave  functions.  For 

an  adequate  description of these  Fermi  resonance  states,   the  anharmonicity 

t e r m s  H ,  must be  included.  The  solution of the  Schrodinger  equation  with 

the  inclusion of anharmonic  coupling: 

C O )  

(2. 10) 

is   t reated  in   s tandard  references 32' 33'  34 where  wave  functions  and  energy 

levels are obtained  using first order  time-independent  perturbation  theory 

for  degenerate  levels.   The wave functions, ZY, , a r e  found,  to  zeroth  order 

in  the  approximation,  to  be  linear  combinations of the  normal  mode  wave 

functions: 

(2. 11) 

where 2 is the  order of the  Fermi  resonance  degeneracy,  and  the  normal 

mode  wave  functions vn are   given by: 
( 0 )  

(2. 12) 

Here,  LL ( ri 1 are   the  s tandard S H O  wave  functions: 
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N 

HV.(ri) is the vi Hermite  polynomial of argument  pi . t h  

The  remaining  part  of the  wave  function, R Cr,) e , is the  solution 
var * L A  j 

for  the  two-dimensional  isotropic  harmonic  oscil lator  in  polar  coordinates 
( r2, ~ 1 :  

where 4 3 Cv2- 1 ) /Z  . L ( $ 1  is the  associated  Laguerre  polynomial of 
argument ,  . 

L z  
4 

The cm+ s a r e  found  using  standard  time-independent  perturbation 

theory  for  degenerate  levels.   The Chkls  a r e  so  chosen  that  the  wave  functions 

( 0 )  , 
(0 J 

7V,I'' are   or thonormal .  

The  energy  levels  for  the  lower  C02  states  are  shown  in Fig .  3 .   The  

wave  functions  corresponding  to  the  lowest  fifteen  states  are  given  in  Table 

2. 1. The  states  in  Fermi  resonance  are  l inked  by  braces.  

We now consider  the  behavior of the  above  system  under  the  action of 

the  time-dependent  perturbation  potential: 

(2. 13) 

A s  mentioned  previously,  in  the  present  model,  the  influence of a 

collision is represented by a potential of this  form.  Eq.  (2-13) is the  inter-  

action  potential  Eq.  (2.6).  In  Eq. (2. 6), v, , f' , and are   funct ions of 

the  coll ision  trajectory  variables,  R ,  @ , @ , /3 . In Eq.  (2-13), 
7-i 

v,, fi , fii are   wr i t ten  as explicit  functions of time,  the  time  dependence 

of the  trajectory  variables  bring  obtained  from  solution of the  equations of 

motion  for  the  coll ision  trajectory,  as discussed  in  Section  2.2. 

Using  standard  methods,  the  solution of the  wave  equation  for  the 

per turbed  system: 
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Table 2. 1 

C 0 2  W A V E  FUNCTIONS 

State  Designation  Wave  Functions  Energy, c m  
-1 

n <v, V: v,) 
0 l o  O 0 O )  

1 t o  7'0) 

0 

bL7 

1 3  



( 2 .  14) 

can  be  rephrased  in a completely  equivalent way as a problem  in  finding  the 

coefficients b,, (t) , where 

(2. 15) 

io? 7 f / ,  are  the  combination  wave  functions  given  by  Eq. (2, 11).  The  coefficients 

b,, are  determined  exactly  by  the  solution of the first order  equations: 

(2. 16) 

n = 0 ,  7,  2, - - *  

where 

dn* 5 ( E ,  - E & ) / h  
Equations (2. 16) are the  so-called  interaction  representation,  and  are com- 

pletely  equivalent  to  the  wave  equation, Eq. ( 2 .  14), no small   perturbation  approxima- 

tion  having  been  introduced. If the  C02  molecule is initially  in  state ~ r 2  before 

collision (t = - O 0 ) ,  pmrrct)=l bmn(tI1‘ is the  probability  that  it w i l l  be  in 

s ta te  f i  at   t ime t . 
2.5  THERMAL AVERAGING O F  TRANSITION  PROBABILITIES 

The  transition  probabilities frnn obtained  from  solution of Eqs.  (2 .  16) 

a r e  functions of the  initial  trajectory  conditions. With reference  to   Figures  

1 and 2, one can  select a particular  coll ision  trajectory by specifying  the 

initial  position of the  incoming  structureless  particle  in  spherical  coordinates 

( R, , 0, , go), the  initial  orientation of the  C02  molecule ( a. , /3, ), the 

initial  rotational  velocity of the  C02  molecule,  and  the  initial  relative 

velocity v, between  the  molecules.  Here  the  subscript  zero  has  been  used 

to  indicate  the  initial  values  for  the  coordinates.  Transition  probabilities 

calculated  f rom  Eq (2. 16) must  be  incorporated  into  an  expression  for  the 

-. 
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thermally  averaged  probabili ty of WL-CVL transit ions  in  the  gas,   for  comparison 

with  typical  vibrational  relaxation  experiments.  Such  an  averaged  probability 

involves  integration  over a thermal  distribution of col l is ion  t ra jector ies  

specified  by ( I?,, , 0, , $e , a, , Po ), and  the  initial  relative  translational 
and  rotational  velocities.  However,  the  coordinate  system of Figs.  1 and 

2 is   completely  arbi t rary  in   or ientat ion  and is not  the  most  convenient 

one  to  use  for  the  quadrature.  Consequently,  for  thermal  averaging 

a second  coordinate  system  (dependent  upon  the  parameters of the  collision) 

has  been  chosen  such  that   the " 3  -plane is coincident  with  the  plane  determined 

by  the  line  joining  the  centers of the  two  molecules (i. e.  the  direction  specified 

by ( R, , 0, , @o ) above)  and  by  the  initial  relative  velocity vo . The 

orientation of this new  coordinate  system is completely  specified if  we choose 

the Z -axis to  be  parallel,  but  oppositely  directed  to . 

4 

a 

In this new coordinate  system  the  incoming  structureless  particle 

appears  as shown  in  Fig. 4. Now the  initial  parameters  needed t o  specify  the 

in te rac t ion   a re  six in  number:  the  magnitude of the  incoming  relative  velocity 

v, , the  impact  parameter b for  the  collision,  the  orientation ( d, , /3. ) 

of the  axis of the CO molecule (now referred  to   the new coordinate  system, 

but  measured  in  the  same  fashion  as  shown  in  Fig. 2 ) ,  and  the  angular  velocity 

( 6Jpa ) of the C 0 2  molecule.  (Note  that  only  two  components  are 

required  to  specify  the  angular  velocity  vector  since  this  vector is orthogonal 

to   the C 0 2  molecular  axis.  ) 

2 

One fur ther   a l terat ion is needed  to  simplify  the  selection of the  initial 

parameters   for   each  col l is ion  t ra jectory.   Rather   than  specify  the  ini t ia l  

angular  velocity of the C 0 2  molecule  by  the  parameters L3.r. and dp. , we 

choose the magnitude of the  angular  momentum  and  an  angle a defining 

the  direction of the  angular  momentum  in  phase  space. Wore and are 

found f r o m  ;P and 7 as follows: 

& 

In terms of these 

averaged  probability of 

IdFe = - j o '  cos I N 

1 
coordinates,  it can  be  shown  that  the  thermally 

a t ransi t ion  f rom state m to  state n is: 
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where T is the  gas  kinetic  temperature  and Pmn. is found  from  the 

solution  obtained f rom Eqs. (2.16). 

2 . 6  SOLUTIONS 

The  model  developed  in  the  preceding  sections  retains a large  degree of 

generality. In particular,  the  model  includes  the  geometrical  dependence of 

collisional  excitation of the  various  C02  vibrational  modes,  the  influence of 

molecular  rotation,  anharmonic  coupling  among  the  vibrational  modes,  and 

the  influence of multistate  transition  processes.  Within  the  framework of 

this  formalism,  certain  specific  problems of C02  collisional  excitation  have 

been  chosen  for  detailed  numerical  solution. In each  case  chosen, Eqs. (2. 16) 

and  for  Eq. (2. 18)  can  be  further  simplified,  permitting  more  economical  machine 

calculation  t imes.   Two  major  problem  areas  have  been  selected: 1. ) collision- 

induced  vibration-to-vibration (V-V)  energy  t ransfer   among  the  C02  modes,  

and, 2. ) the  role  played  by  geometrical  and  rotational  effects  in  the  collisional 

excitation of C 0 2 ,  i. e. ,   translation-to-vibration  (T-V)  energy  transfer.   The 

calculations  involving  problem  1)  have  been  made  only  for  certain  restricted 

geometrical  orientations,  while  retaining all coupling  terms  presented  in 

Section  2.4.  The  calculations  for  problem 2) have  been  over  the  complete 

distribution of t ra jectory  parameters  ( ve , -Po, b , OLe , Po , Go ) given  in 

Section  (2. 5), but  with  the  elimination of second  order  terms  which  couple 

the  vibrational  modes;  this  yields a normal-mode  model  in  which  the T-V 
excitation of each  mode  can  be  treated  independently. In the  following  sections, 

calculations  performed  in  both  problem  areas are presented. 
4- 
-I- 

::: Considerably  more  space is devoted  to  the V-V calculations;  details of 
the  T-V  calculations  have  been  given  in a previous  report  (CAL No. 
AM-2438-A-1)  and  will  also  be  published  separately. 

17 
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3 .  INTERMODE (V-V) ENERGY  TRANSFER 

3.1 GENERAL 

To per form a calculation of collision-induced V-V energy  t ransfer   among 

the C 0 2  modes,   Eqs.   (2.16)  have  been  programmed  directly  for  machine 

solution. A Runge-Kutta-Merson  fourth  order  integration  technique,  programmed 

in  Fortran  language,  was  used.  The  calculation  can  include  the  fifteen states 

l isted  in  Table 2. 1,  which  contains all C 0 2  states having a charac te r i s t ic  

tempera ture  6 4000°K. These  include  the  principal C 0 2  levels  participating 

in  the 9.6 p and  10.6 p C 0 2  laser   t ransi t ions.  

The  following  types of controls  and  checks  were  used  to  insure  accuracy 

of the  integration  procedure: 

1. A local   t runcat ion  error  of w a s  specified  for  each  integration 

step; at no t ime w a s  this  exceeded. 

2. The  maximum  allowable  t ime-step  size w a s  greatly  reduced  to  force 

integration  over  smaller  intervals  in  the  vicinity of the  classical  turning  point; 

no significant  change  in  the  calculated  transition  probabilities w a s  observed. 

3.  The  trajectory  calculations  were  extended  over  sufficient  inter- 

molecular  separation  to  insure  that   the  transit ion  probabili t ies  asymptoted  to 

constant  values, i. e.,   the  calculations  were  extended  to  ranges  where all 

significant  molecular  interaction  ceased. 

4. For   the  present   model ,  a statement of detailed  balancing  assumes 

i. e. ,   for a given  trajectory,   characterized  by  the  parameters , , etc. ,  

Pmn= prim Therefore,   runs  were  made with  the  same  classical   trajectory,  

but  using  different  initial  vibrational  states.  The  preceding  statement of 

detailed  balance w a s  always  satisfied t o  at least   three  s ignif icant   f igures   for  

the  trajectories  checked. 

Machine  solution of interaction  representation  equations,  similar  to 

(2.16),   has  been  reported  in  the  series of papers  by  Rapp  and  Sharp. 

This  calculation  modeled  the  colinear  collision of a harmonic  oscil lator  and 

35,36 
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an  atom,  and is a systematic  study of multistate  effects  in  high  energy  diatomic 

molecular  collisions.  In  the  present  calculation,  the  coupling  between  the 

various CC+ modes,  the  nonuniform  spacing of the  vibrational  energy  levels, 

and  the  anisotropy of the  interaction  potential   give  r ise  to  features of the 

results  not  present  in  the  colinear,   harmonic  oscil lator  case.  In the  following 

discussion,  comparison wi l l  be  made  with  the  standard  harmonic  oscillator 

behavior  reported  by  Rapp  and  Sharp. 36 

The matrix elements 4 YL lu I h > appearing  in Eq (2. 16) were  evaluated 

through  second  order  terms  in , Eq (2. 13).  Evaluation of the time- 

dependent  coefficients, f L C t t ,  and . ct) is one of the  most  time-consuming 

operations  in  the  numerical   procedure,   since  these  coefficients  must  be 

evaluated at each  time  interval  during  the  course of the  trajectory  integration. 

States  directly  coupled by non-zero  matr ix   e lements   are   shown  in   Fig.  3; the 

o r d e r  of the first non-zero  coupling is indicated. 

9-i 

.I, 'a- 

Two  significant  features of these  couplings  should  be  noted: 

1. Collision-induced  transit ions  are  possible  even  between  pairs of 

s ta tes   for  which < n I v I > = 0. This is a feature  of the  multistate  nature of 

the  present  calculation;  only  for a first order  perturbation  approximate  solu- 

tion of Eq (2. 12)  would(R( v 1 > =  0 disallow  an YL 4 transition. In the 

present  calculation, a transition  between  such a pair  of states  occurs  via 

transition  paths  through  other,  coupled  states,  which  provide  an  indirect 

coupling  between  the  initial  and  final  states.  This  aspect of a multistate  cal- 

culation,  which  has  been  studied  extensively  when  applied  to  collisional  exci- 

tation of harmonic  oscil lator  diatomic  molecules,  is essential   in  calculations  for 

a polyatomic  molecule  such  as C02.  As shown in  some of the  resul ts   presented 

below,  many of the  most  important V-V energy  t ransfer   paths  are through 

intermediate states. The  near-degeneracy of several   C02  energy  levels  

make  this  effect  important  even at relatively low collisional  velocities  where 

a first order   per turbat ion  t reatment  would  be  adequate  in  treating  excitation 

of a single  harmonic  oscillator. 

'' For  the  sake of clarity,  couplings  involving  States  above 2500 Cm-l  have 
been  omitted  in  Fig. 3. 
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2. Fig. 3 shows  the  states  coupled by nonzero  matr ix   e lements .  

However,  transitions  between states a r e  a function of init ial   molecular 

orientation  before  collision.  The  angular  dependence of the  coefficients 

fi ' yii makes  many of the  couplings small o r  zero  for   some  or ientat ions.  

For  example,   many  energy  transfer  paths  involving  bending  mode  states  are 

blocked  for  purely  colinear  C02-M  coll isions,  i. e .  a when  the  collision 

partner  approaches  the  molecule  along  the  equilibrium  molecular axis. 

Three  initial  vibrational  configurations  have  been  chosen  for  extended 

calculation.  These  configurations  are  for  the  molecule  init ially  in  the  (01 0),  

the ( O O O l ) ,  and  the (lOO0) states.   These  calculations  have  been  restricted  to 

coplanar  orientations (0 = p = +) zero   impact   parameter  ( b = 0) a and  for  the 

molecule  initially  nonrotating (d = 0) . Molecular  constants  appropriate  for 

C 0 2  - A r  collision  were  generally  used;  Table  3.1  gives a summary  of these. 

1 

TT 

=e 

TABLE  3.1 

MOLECULAR  CONSTANTS USED FOR  C02 - A r  COLLISIONS 

I = C o  moment of iner t ia  = 7.167 x gm  cm 

M = C 0 2  - A r  reduced  mass  = 3.477 x 10  gm 

Mc = Mass  of carbon  atom = 1. 99 x 10  gm 

Mo = Mass of oxygen  atom = 2.66 x 10  gm 

Intermolecular  potential  constants  (Eqs (2. 5a) - (2. 5c)):  

O L 1 = o L 2 = ~ 3 = 5 x 1 0  8 c m  -1 

2 
2 

- 23 

- 23 

- 23 

a 4 = o  

C1 = C2 = C3 = 2.019 x  10 e r g s  -6  

c4 = 0 

1 = Potential   anisotropy = 1 16  x 10  cm -8 
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3 . 2  ENERGY  TRANSFER  FROM  THE  (01'0)  BENDING MODE STATE 

Calculat ions  were  made  for   the  C02  molecule   ini t ia l ly   in   the  (01 0) 1 

state. A s  mentioned  above, a coplanar  orientation w a s  ueed;  and all calcula- 

t ions  were  for  the  molecule  init ially  non-rotating ( duo = 0 ) and  for   zero  

impact   parameter  ( b = 0 ). The  initial  angular  orientation of the  molecule ( W e )  

was  systematically  varied,  as w a s  the  initial  relative  velocity, v,. 
These  runs  were  made  with  the  lowest  nine  coupled  states  l isted  in 

Table 2. 1. It w a s  found  that  the  inclusion of this  number of states  was  usually 

sufficient  for  accurate  calculation at the  collision  energy  range of interest .  

A discussion of the  number of coupled  states  required  for  convergence  in  the 

C O  calculation  is  given  in  Section 3 .  5. 2 

F igure  5 shows  the  evolution of some  selected  probabili ty  amplitudes 

( Pm,( t j 5 I b,,(t) 1 ) during  the  course of a typical  coll ision  trajectory.  

P,,ct) for   var ious  t ransi t ions  are   plot ted  against   t ime ( i!= 0 at  the  init ial  

2 

0 

molecular   separat ion of 7. 5A).  Approximate  C02 - A r  separation  in  ang- 

s t roms  is indicated  beside  the  time  scale.  The  gross  behavior of the  proba- 

bil i t ies,   for  this  particular  orientation,  is   the  same as that  observed by Sharp 

and  Rapp. 3 6  The  probability of states  other  than  the  init ial   state  (01 0) being 

occupied  is   much  greater   in   the  region of the  classical  turning  point  (indicated 

as  "To P. ' I  in  the  figure)  than  at  the  end of the  interaction.  Maximum  proba- 

bilities  occur  shortly  after  the  turning  point.  It  can  be  noted  that  probabilities, 

which, at the  end of the  t ra jectory,   are   less   than  10% of the (01 0 )  __* (000) 

probability,  can  be a very large fraction of P near   the  turning 

point. For   this   reason,   such  s ta tes   must   general ly   be  included  in   calculat ing 

1 

1 

( 0 2 0 )  4 ( 0 0 0 )  

P ( O l l 0 )  + ( O O O )  ' although  the  probability of a direct   t ransi t ion  to   them is 

small at the  end of the  interaction. 

Due to  the  symmetrical ,   broadside  orientation of the  collision  whose 

resul ts   are   shown  in   Fig.  5, the  C02  molecule w a s  not  set  into  rotation  by 

the  coll ision.  For  other  orientations,   where  the  molecule  may  be  rotating, 

the  shape of the  probabili ty  curves  may  differ;   in  some  cases,  a second  peak 

occurs  in  the  vicinity of the  turning  point. 

The   s ta tes   in   Fermi   resource   a re   l inked   by   b racke ts .   Despi te   the   mix ing  

of such  states,   the  probabili t ies  for  transit ion  to  them  may  differ  considerably.  
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The  potential  anisotropy ( J! = 1. 1 6 i )  is considerable  in  these  calcula- 

tions,  and  the  probabilities  show  significant  structure  when  plotted  against 

initial  orientation, OG, , as in  Fig. 6. In the  present   case of energy   t ransfer  

involving a bending  mode state, the colinear  orientation ( od, = 0 ) is generally 

unfavorable  for  creating  vibrational  transit ions.   For  those  transit ions  plotted 

in  Fig.  6, the  broadside  orientation, aLo = 7,  is most  favorable at the indicated 

relative  velocity ( v, = 2 x l o 5  cm/sec).  However,  for  transitions  to  compound 

states  involving  stretching  modes,  such as (01 0 ) ~ ( 1 1  0), the  most  favor- 

able  orientation  can  be at some  intermediate  value  of-a,  . 

TT 

1  1 

The  present  calculations  provide  information on the  extent of intermode 

vibrational  coupling  in C 0 2  , which  can  be  useful  in  kinetic  modeling of high 

temperature  C 0 2  processes.   In  Figs.  7 and 8, the  calculated  transition 

probabilities  have  been  averaged  over  orientation  and a Maxwellian  distribution 

of relative  translational  velocit ies.   From Eq(2. 18), we have,  for  the  thermally 

averaged  transition  probability: 

where T is  the  translational  temperature.   The  probabili t ies so ca lcu la ted   a re  

somewhat  smaller  than if the  average  were  extended  over  impact  parameter,  

initial  rotational  velocity,  and  out-of-plane  orientations, as indicated by the 

calculations of Section 4. 2 below.  The  relative  values of the  transition  proba- 

bilities,  however,  should  not  be  significantly  affected  by  neglect of these 

effects. 

Figure 7 illustrates  the  close  coupling  between  the  bending  and  the 

symmetric  stretch  modes.  The  probability  for  energy  transfer  from  (01 0) 

to   the  symmetr ic   s t re tch states, such as the  Fermi  resonance  pair  (lOO0) and 

(02"0), is of the same magnitude as the  probabili ty  for  the  direct   excitation 

of the  bending  mode, ( O O o O ) ~ ( O 1  0). Further,   the  total   probabili ty  for  the 

excitation of higher states f r o m  (01 0) is greater  than  the  probability  for  the 

1 

1 

1 
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direct   exci ta t ion of (01 0) itself. Al l  these  probabili t ies are much  larger   than 

the probabi l i ty   for   the  direct   T-V  exci ta t ion of the  symmetr ic   s t re tch  mode,  

i. e .  , (00 "O)  "+ (10.0). It therefore   appears   that   v ibrat ional   exci ta t ion of 

the  symmetric  stretch  states  precedes  overwhelmingly  by  the  two-step  pro- 

ces s :  

1 

CO, (00'0) + M --D CO, ( 0 7  ' 0 )  + M 

followed by: 

Cot t01'0) + M 4 C O , ( I O " O )  + M 

rather  than  by  the  direct   process:  

CO, (oooo) + M __* CO, (1o"o)  + M 

This  conclusion is also  evident  from  the  distorted  wave  calculation of Herzfeld, 

which  includes  Fermi  resonance  coupling of the   C02  s ta tes .  

16 

The  coupling of the (01 0) s ta te  with  the  (00'1)  state of the  asymmetr ic  1 

stretch  mode is much  weaker  than  the  (01 0) coupling  with  symmetric  stretch. 

Figure 8 is a plot of the (01 0) __* (00" 1)  probabili ty  against   temperature.  

The  values   are   comparable   to   those  for   the  direct   exci ta t ion of th i s   s ta te   f rom 

ground, i. e. , (OOOO) d ( O O " 1 ) .  Further   discussion of energy  transfer  involv- 

ing  the (00'1) state  is given  in  the  following  section,  which treats (OOOl) 

deactivation. 

1 

1 

3 . 3  ENERGY  TRANSFER  FROM  THE (OOOl) ASYMMETRIC 
STRETCHING  STATE 

Calculations  for  deexcitation of the ( O O " 1 )  s t a t e   a r e  of particular  inter: .  st, 

inasmuch as this is the  upper   s ta te   for   the 9.6 and 10. 6 micron  C 0 2  l a se r  

transitions.  Calculations  were  performed  for  both A r  and Xe as thz collisi.>n 

partner,   to  observe  the  influence of reduced  mass  on tbc  r-alculated  transition 

probabilities. 
t 

Runs  were  azain lniid: i o -  ' :e  c:,p!anar, initial:;. noc-rotating,zero 
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impact   parameter   case.  It w a s  found  that ( O O O l )  deactivation w a s  accomplished 

primarily  by  the  following  energy  transfer  paths  involving d, , z'* F e r m i  

resonance  pairs   and  t r iplets  as end  s ta tes :  

COz ( 0 0 ' 1 1  + M - CO, { ~ ~ e ~ }  + M 

CO, ( 0 0 ~ 1 )  + M - CO, { , l , o }  

CO, (00' I >  + M "+ CO, { I  z o o /  t M 

03'0 + M 

04OO 

20'0 

The  probabili t ies  for  direct   deactivation  to  the  ground (00'0) state  were  negli-  

gible, as were  the  probabilities  for  deactivation  to  the  isolated  bending  mode 

levels  (01 0 ) ,  (02 0 ) ,  (03  0 ) ,  (04 0). This  conclusion w a s  found  to  remain 

valid  for  any  initial  orientation of the  collision  pair. 

{03"} v o  and{ 2 0  7 2 u 0 }  O O  

1 2 3 4 

04'0 
An interesting  feature of the  calculation is that  the 

Fermi  resonance  groups  are   not   di rect ly   coupled to  the  (00'1)  state,  despite 

the  large  probabili ty  for  transit ions  to  these  states.   These  states  are  excited 

pr imari ly   by a two-step  process  involving  the  Fermi  resonance  levels:  

co, (ooO1 1 4 

04'0 
m" co,  { w % }  

2 ooo 
This   process  is shown  graphically  in  Fig. 9, which  shows  the  time  evolution 

of the ( l O O 0 )  and ( 2 0 " O )  probability  amplitudes  during a typical   C02 - A r  

collision,  with  the  molecule  initially  in  the ( O O O  1)  state.  Initially,  the  (10'0) 

level  is   excited  directly  from  (00'1).  A s  ( l O O 0 )  is excited,  however,  energy 

begins   to   be  t ransferred  f rom (10"O) to ( 2 0 " o ) ;  increases  in  the  (20'0)  ampli-  

tude  are  mirrored  by  decreases  in  the  (10'0)  amplitude.   At  the  end of the 

trajectory,  both  (10'0)  and (20'0) a re   l e f t  with a significant  probability of 

excitation.  The  dominant  role of mult is ta te   t ransi t ion  paths  is apparent. 

Figure  10  shows  the  thermally  averaged  transition  probabilities  for 

(00' 1)  deactivation,  in  C02 - A r  and  C02 - He collisions,   as  functions of 

temperature.   I t  is seen  that  the  difference  between (00'1) deactivation by He 

collision  and by A r  coll ision  is   relatively  small ,   the He  deactivation 

2 8  
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probability  being at the  most  a factor  of two  greater   than  the A r  probability. 

This  behavior  contrasts  strongly  with  typical T - V processes  (for  example,  

direct   deactivation of O O o l  to  the  ground state), which  show  very extreme 

dependence  on  the mass of the  coll ision  partner.   This result is in   agreement  

with  the  experimental  data of Yardley  and  Moore2'  for  Ar  and  He at 300" K. 

The  probabilities  given by the  present   calculat ion  are ,   however ,   smal ler  

than  those  observed at 300" by an   o rde r  of magnitude. 

I 

~ The  extent  to  which (OOO 1) is coupled  to  the  other C 0 2  states  can  be 
a s ses sed  by comparing  Fig.  10 with  Figs. 7 through 9. Examination of these 

results  shows  that:  

1. The  coupling of the  (01 0)  bending  mode  state  with  the ( O O O  1 )  asym-  1 

m.etric  stretch  state is much  weaker  than  the  (01 0) coupling  with  the ( 1 0 ' 0 )  

symmetr ic   s t re tch  s ta te .  

1 

2 .  In  general,  relaxation of the ( O O O  1) asymmetr ic   s t re tch  s ta te   proceeds 

much  less  rapidly  than  the  relaxation of the  lower  bending  and  symmetric 

s t re tch   s ta tes  (01 0) and ( l O O O ) ,  ( 0 2 " 0 ) ,  in CO -rare  gas  coll isions.   (See 

a l so   F ig .  13. ) 

1 
2 

These  features  strongly  contribute  in  creating  the  powerful  cw  lasing  action 

a t  9. 6 and 10. 6 in CO2-I4e  mixtllres.  Furthermore,  relatively  weak  coupling 

oL :;ne asymmetr ic   s t ie tch  to  !he uti..=- co2 modes is   the   just i f icat ion  for   the 

kinr;rl<  model of CO l a se r   p rocess  2s ado-:,tcd b y  I;.o lr->, e:. a!. 38 , by Cool 39 , 
?:id others.  In this  model,  the benrlir..:, 5 , '  . - : :~ : I : .~ : -> ' : I -~C  S ~ P E ~ C . ~ : ~ ~ ~  s t a t e s   a r e  

assumed  to  be Internal  equilibrium. B .> 1 !I;' L L :ihr?-tlorai  telnperature, 

can  be  assigned  to  these  states. .4 s e p z r a t e  x;ib:*altiona!. t empers turc ,  T Z ,  is 

assigned  to  the  asymmetric  atret , ; i  sLdteb ,  Si-.cli EL nlocle!. apl2e;Lr:- reasonable 

io;- CO strongly  diluted b , r  x - :  i ne r t ,  as ir. the C O  l aser .  TI,.? sc2p;lration of 

each of t h -  three  modes,   and  the  assignmen? of separa te  - v i b r : : ; : ~ ~ ~ - , . ~ l  t empera-  

t u re s ,  as do-le by Basov  et 21. , do.?s  not  appear  useful, in :i:?wr of the   very 

close 9, , '32 coupling  predicted  both  by  tne  present  analysis  as \\Tell a s  by 

the work of Xerzfeld16  quoted  above. 

2 

T1' 

2 2 
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3 . 4  ENERGY  TRANSFER  FROM THE (lOO0) STATE 

In  addition  to  the  calculations  for  energy transfer from  the  (01 0) and 1 

(00'1)  states  presented  in  the  previous  sections,  a s e r i e s  of runs  was  made 

with  the  C02  molecule  initially  in  vibrational  state  (10'0). 

AS in  the  case of (01 0) deactivation,  these  probabilities  show  marked 1 

dependence  on  the  initial  molecular  orientation.  Figure  11  shows P 

plotted  against  orientation  angle, CC, , again  for  a coplanar   interact ion,   zero 

impact  parameter,   zero  init ial   rotational  velocity,   and  an  init ial   relative 

velocity of 2 x l o 5  cm/sec .  In cont ras t   to   energy   t ransfer   f rom  (01  0) , both 

the  colinear  orientation, a, = 0 ,  and  the  broadside  orientation, a, = - , a r e  

favorable   for   energy  t ransfer .  It must  be  recalled  (see  Table 2. 1)  that  both 

(10'0) and (02'0) are  combinations of a stretching  and a bending  state;  energy 

transfer  from  these  configurations  is   enhanced by a colinear  and a broadside 

orientation,  respectively. 

(1000) "* (02"O) 

1 

77- 

z 

For   the  oLo = 7 initial  condition,  runs  were  made  over a wide  velocity 
7-r 

range.  The  largest  of the  result ing  probabili t ies  are  plotted as functions of 

velocity  in  Fig. 12. Deactivation of the(  10" 0) state  proceeds  almost  entirely 

by  transit ions  to  the  nearby  (02"0),   in  Fermi  resonance  with ( l O ' O ) ,  and  to 

the  nearly  uncoupled (02  0). Note  that  the  transition  to (02"  0) i s  dominant 

for  velocit ies vo 2 70 ; for  velocit ies  below  this,   transit ion  to (02 0) i s  

dominant. 

2 

5 2 

For  the  purpose of comparison with  the  calculations of Herzfeld16  and 

with  available  experimental  information,  these  probabilities  have  been 

thermally  averaged  over  a Maxwellian  velocity  distribution,  using Eq ( 3 .  l ) ,  

w i t h l  Tr/td ae = The  thermally  averaged  results  are  shown  in  Fig.  13. 

The  extremely  rapid  deactivation of (10' 0 ) ,  even at room  temperature ,  is 

evident.  It is interesting  to  compare  these  results with  the  distorted  wave 

values  calculated  by  Herzfeld.  His  (lO"0) d (02"O)  probability,  is  plotted 

as   the  dashed  l ine  in  F i g .  14. Herzfeld's   calculation  uses  the  same  repulsive 

range, ( W ,  = 5 x l o 8  c rn- l )  as the  present  calculation,  but  the  reduced  mass 

i s   t ha t   fo r   C02  - C02  col l is ions ( M = 3.65 x cm)   ra ther   than   C02 - A r  

( M = 3.47 x 10  cm).  This mass difference is sufficiently  slight as to  be - 23 
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a minor   factor   in   the  comparison.   The  present   calculat ion  shows  probabi l i t ies  

for   th i s   t rans i t ion  2 - 4 times la rger   than   those  of Herzfeld's   calculation  over 

the  300"-1000°K  temperature  range. It should  be  recalled  that the mos t  

favorable  orientation w a s  chosen  for  the  present estimate of P 

resul ts   averaged  over  do would be  somewhat  smaller.  The  two  calculations 

therefore   appear   to   be   in  fair agreement .  

(10"0)+(02"0)' 

The  only  available  experimental  information  on  the (1 0" 0) -A (02"  0) 

t r a n s f e r  is that  provided  by  Rhodes,  Kelley,  and  Javan, 3 7  in   l aser - induced  

f luorescence   s tud ies   in   pure   C02 . These  authors   ass ign a lower  l imit  of 

1 0  s ec   t o r r   fo r   t he  rate of this  transit ion,   corresponding  to a t ransi t ion 

probability P 'v 8. 74 x 10  This is at leas t   an   o rder  of 

magni tude  greater   than  the  C02 - A r  probability  predicted  here.  It  is  likely 

that at 300"  in  pure  C02 , long  range  multipole CO - C 0 2  forces   control  

the   ine las t ic   p roce~ses ;~3-25   such   in te rac t ions   a re   no t   inc luded   in   the   p resent  

model. 

6 -1  -1 

- 2  
(10°0)"+(02"o) - 

2 

Despite  the  very  large ( 1 O " O )  (02"O) transit ion  probabili ty,   the (lOO0) 

and ( 0 2 " O )  a r e  not  directly  coupled;  the  matrix  element < l O " O /  VI 02"O > is 

zero.   This  aspect of the  calculation is similar  to  the  results  for  (00'1)  deac- 

tivation  given  previously  in  Section 3 .  3. A s  discussed  in  that  section,  (00'1) 

deact ivat ion  a lso  precedes  pr imari ly   by  t ransi t ions  to   s ta tes   not   di rect ly  

coupled  to ( O O O l ) .  In the  present   case,   the  ( 1 O " O )  "*(02"0) transit ion  occurs 

primarily  through  the  following  two-step  processes:  

3.5  CONVERGENCE O F  A MULTISTATE  CALCULATION FOR C 0 2  

A s  the  discussions  in  the  preceding  sections  have  indicated,   the  vibra- 

t iona l   energy   t ransfer   p rocesses   in  G O 2  often  involve  the  close  coupling of 

several   vibrational  quantum  states,   even  at   moderate  coll ision  velocit ies.  A s  

36 



in   the  case of calculations  for  excitation of a s imple   harmonic   osc i l la tor ,  36 

the  number of states which  must  be  included  for  an  accurate  calculation of a 

given  t ransi t ion  probabi l i ty   increases  with increasing  coll ision  energy. How- 

ever,  the  nonuniform  nature of the  energy  level  separations  and  coupling 

matrix elements  with  increasing  energy (c.f.  Fig. 3 ) make a pr ior i   p red ic t ion  

of the  important states fo r  a given  transition  and  collision  energy  difficult. 

The  procedure  in  the  calculations of the  preceding  sections  has  been  to  add 

states  unti l   convergence  was  obtained,  any  additional  added states showing 

insignificant  probability  amplitudes  throughout  the  collision  trajectory. 

In this  section,  calculations of the (01 0) - " * ( O O " O )  t ransi t ion,   for  b =  0, 1 

TT a, = 2 , w i l l  be  discussed  from  the  viewpoint of the  number of s ta tes  

required  for  convergence. 

F igure  14 shows 
P ( O O o O )  4 ( 0 1 1 0 )  

calculated at a collision  velocity of 

v, = 2 x l o 5  cm/sec,   p lot ted  against   the   number of coupled  states  retained 

in  the  calculation,  which  corresponds  to  the  number of Eq  (2. 16 )  retained. 

The  first  order  perturbation  calculation  (!!PERT,  in  Fig. 14) i s   per formed 

by  setting b,, = &,a on  the  right  hand  side of Eq (2.  16) ,  where &,* is 

the  Kronecker  delta.  This  decouples  the  equations,  replacing  the  sum of the 

RHS by a s ingle   term  which  may  be  integrated  direct ly .   The  f i rs t   order  

perturbation  approximation  assumes  that  all bm& ' S  remain   very  small 

during  the  collision  except  for k = WL , corresponding  to  the  init ial   state,  

which remains  1, its initial  value.  The  states  being  added,  in  addition  to 

the  initial (01 0) s ta te  itself, are l isted  in  Table 2. 1 , in   the  order   l is ted 

there ,  i. e. , in   the   o rder  of increasing  energy  above  ground. It w a s  found 

that  states  with  energies  higher  than  approximately 2000 cm  did  not   enter  

significantly  into  the  calculation of P at the 2 x 10   cm/   sec  

velocity  chosen; as Fig. 14 indicates,  convergence w a s  obtained  using 8 

coupled  states . 

1 

-1 

5 
(0000) - b ( 0 l 1 O )  

F igure  14 illustrates  the  well-known  feature  that a two-state  calculation 
36 

greatly  underestimates  the  actual  value of the  transition  probability. A second  fea- 

t u re  of these  results,   which  does  not  occur  in  calculations  for  excitation of diatomiss ,  
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I 

is that  the first order  perturbation  calculation  does  not  always  overestimate 

the  correct   value of the  probability.  In  Fig. 14, for   example,  all calculations 

using  more  than  four  coupled states give a t ransi t ion  probabi l i ty   greater   than 

that  calculated  using  the first order  perturbation  approximation.  This  behavior 

is  not  observed  in a multistate  calculation  for  the  transit ion  probabili ty 

between  adjacent  states of a simple  harmonic  oscillator  mode. In the  case 

of C 0 2  , it is a consequence of the  fact   that   states 3,  4, and 5 ( ( 0 2 " 0 ) ,  (10"0), 

and (02 2 0), respectively) all l ie  at approximately  the same energy.  This 

threefold  degeneracy  creates   the  three  possible   exci ta t ion  paths:  

36  

where x can  be  any of the  three  states  mentioned. A l l  these  states  have 

energies  of approximately  twice  the hQ2 energy of the ( O O o O ) ~ ( o ~  0 )  funda- 

mental  transition  being  calculated. In a s imple  harmonic  osci l la tor   calcula-  

tion,  there is only  one  state at this  energy  level,  and  hence  only  one  path of the 
type  given  in Eq. (3. Z).". This  effect  can  be  quite  common  in COz,  part icular ly  

among  higher  states,  where  multifold  degeneracies  occur.  Indeed Fig.  14 

itself shows a smaller, less dramatic  repeti t ion of this  effect ,  as states 6, 7, 

and 8 are  added  in  the  calculation.  These  states  are (03  0), (11 0),  and 

(03 0), respectively.   The  incremental   increase with  the  addition of each of 

these  states  can be  observed. 

l 

4, 

1 1 

3 

Finally,  any  truncation of the  set  (2. 16) is an  approximation,  which 

w i l l  fail at sufficiently  high  velocities.  Figure 15  shows  the (01 0) - (00"O)  

transit ion  probabili ty,   for  the same initial  orientation as previously  discussed, 

plotted as a function of increasing  collision  velocity.  Figure 16 shows a 

secondary  peak  in  the  transition  probability,  appearing  at  higher  velocities, 

which  occurs  in  the  9-state  calculation.  Such  peaks  are  an  art ifact  of the 

truncated  calculation.  The  probabilities  for  the  transition  between  adjacent 

vibrational  states , such as P(oooo) 1 do  not  actually  display  such 

multiple  peaks , a s  a comparison  between  the  ten-state SHO calculation of 

Sharp  and  and  the  exact  results of Treanor5  indicates.  The  peaking 

phenomena of Fig. 15 is quite  similar  to  that   observed  by  Sharp  and  Rapp, at 

high  velocit ies  in  their   ten-state  calculation  for N2 . 

1 

d ( O 1  0)a 

::: The  effect is noticeable  for  this  particular  transit ion at qui te .moderate  
velocities,  the first order  perturbation  not  being  accurate at velocities 
greater   than - 5 x l o 4  cm/sec .  
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4. T - V  ENERGY  TRANSFER 

4.1  DECOUPLED  NORMAL MODE  MODEL 

If certain  additional  approximations a re  made  in Eq (2. 14), its solution 

may  be  obtained  analytically.  Specifically, if  in  the C 0 2  Hamiltonian  operator 

H, the   anharmonici ty   terms Hz are  neglected, a normal   mode  descr ipt ion of 

C 0 2  vibration is obtained. If, in  addition,  only first o rde r   t e rms   i n   t he  

intermolecular  potential ,  v (Eq (2. 1 3 ) )  are retained,  it   can  be  shown  that 

Eq (2.  14) is separable  in  the  vibrational  coordinates.   The  vibrational  excita- 

tion  process  for  each  mode  occurs  independently,  the  modes  being  completely 

decoupled.  The  equations  governing  the  vibrational  motion  are  identical  for 

each   mode ,   and   a re  of the  form: 
4, 
0,- 

Here ,  A denotes  the i fk  vibrational  mode of C 0 2  , and  the  wave  func- 

t ion  for   the  ent i re   system, , of Eq (2.  14)  has  been  factored  into  the  product 

of the  individual  mode  wave  functions, = 77 . It is shown in  Ref 5 that 

solution of Eq  (4. 1) gives  the  probability P,, for  transit ion  between  the 

and m vibrational  states of the A mode  to  be: 

. &  
b 

. t k  

::: Some  manipulation is necessary  to  obtain  this  result   for  the  bending  mode 

coordinates.   Putting st, = s, sin r/ , s,, = S, C O S  f , separat ion is 

possible;  one  obtains[- kz - a z  
= fi K,, , and  an  identical  equation  in Szb , f Z 6  , Pab , where  the  forcing 

functions fa& and f,, are   such   tha t  &a sZp. + fzb szb 5 f ,  S, 

~ C I - ~  a%. - + P2 d; sa: + f & )  S,&] Y 2& 
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where 

X = l e s s e r  of m , n . 

Inasmuch as the  forcing  functions  are  functions of the  collision 
r, 

t ra jec tory   parameters  ( , yo , bo,  aL0 , I,, , $, ), as discussed  in  Sections 

2. 4 - 2. 5, Eq  (4. 2)  gives  an  explicit   relation  for  the T - V  transit ion  proba- 

bility as a function of the  t ra jectory  parameters .  
-1- -c 

A principal  advantage of the  decoupled,  normal  mode  calculations 

described  in  this  section is that   they  lend  themselves   to   parametr ic   s tudies  

of the  intermolecular  potential   functions  used  in  obtaining  the  basic  T-V 

relaxat ion  ra te   for   C02 . The  bulk of experimental   evidence  in   pure  C02 

points  to  rapid  equilibration of energy  among  the  CO  normal  modes,   up  to 

high  temperatures .   Current   theoret ical   examinat ion of intermode  energy 

transfer  (Section 3 and Ref 16) supports  this  rapid  equilibration  model.  

Under  such  conditions of rapid  intermode  energy  redistribution,  the GO2 T - V 

relaxation  is  determined  by  the  bending  mode  relaxation  rate.  The  present 

formulation  allows  the  bending  mode  excitation  rate  to  be  calculated  inde- 

pendently of the  other  modes.  This  simplification  permits  extensive  exami- 

nation of the  influence of potential   parameters  on  the  predicted,   thermally 

2 

.L dl .,. *,. 

The  resul t   has   a l ready  been  averaged  over   the  vibrat ional   phase.   The 
ability  to  do  this  independently of the  t ra jectory  detai ls  is a consequence of 
the  decoupling  approximation.  This  same  approximation  also  makes  the 
result  independent of the  initial  vibrational  state of the  molecule. 

.I, .e, F o r  C 0 2  strongly  diluted  by a vibrat ional   inact ive  species ,   such  as  A r  
o r  He , the J, s ta tes   a re   no t  as closely  coupled  to  the  other  modes  as 
in  the  pure  gas  case.  This is due  to  the  absence of rapid  intermolecular  
V-V energy  exchange  processes  such as: 

co, (00'3 1 + co, ( O O O O )  "+ 2 co, (07 '0) , 
in  the  dilute  case.  However,  the 1', , dz modes  remain  closely  coupled 
in  the  dilute  case  (c.  f .  Section 3 ) .  
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averaged T-V rate, and  comparison of these  rates  with  those  experimentally 

measured.  Generally,   such  parametric  investigations would  be  difficult, 

since.   each  predicted  rate is obtained  by  incorporating  many  individual tra- 

jectory  calculations  into a thermal   averaging   scheme.   Paramet r ic   examina-  

t ion of the  resul t ing  ra tes   general ly  would require  a much  larger   amount  of 

machine  t ime if the  influence of all modes  has  to  be  incorporated  into  every 

trajectory  calculation. 

A second  advantage of the  present  model is that   i t   permits   s t ra ightfor-  

ward  calculation of the  quantum  mechanical  transition  probability,  Eq (4. 2). 

The  numerical   calculation  for  the  more  complex  model  treated  in  Section 3 

offers  much  greater  difficulty.  

The  limitations of this  model  analysis  arise  from  four  basic  approxi- 

mations : 

1. Semiclassical  Approximation 

2. Normal Mode Representation of Internal C 0 2  Vibrational  Motion 

3. Linearized  Approximation  to  Intermolecular  Potential 

4. Decoupling  Approximation, i. e. , the  Neglect of the  Influence of 

Vibration on the  Translational-Rotational Motion. 

The  semiclassical   approximation is invoked by treating  both  the  rota- 

tional  and  translational  motion of the  system  classically.   The  l imitations 

imposed  by  this  common  assumption  are  discussed in  s tandard  references.  

The  approximation  is  unlikely  to  create  any  significant  limitation  for  the 

present  application. 

15 

The  use of a normal  mode  approximation  to  the  true  C02  internal 

energy  s ta tes   does,  of course,   involve  ignoring  an  important  C02  feature:  

the  close  coupling  among  states  in  Fermi  resonance.  Further,   terms  coupl- 

ing  the  rotational  and  vibrational  motions,  created by Coriolis  and  centrifugal 

forces ,   a lso  are   neglected.   Final ly ,   the   normal   mode  approximation  implies  

small amplitude  vibrational  bending  and  stretching.  The  model  given  in  this 

section  obviously  cannot  shed  any  information  on  intramolecular  energy 

t ransfer   processes .   The  present   analysis ,   however ,  is directed  toward 

calculation of the  rate  for  the  basic  T-V  vibrational  excitation  process.  

For  this  purpose,   the  normal  mode  approximation  can  provide  useful  information. 
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The  last   two  approximations  can  be  discussed  together.   Inaccuracies 

a r i s ing   f rom  use  of the  l inearized  potential   and  from  the  decoupling  approxi- 

mation  have  been  assessed  in  detail   for  coll isions  involving  diatomics,   by 

Kelley  and  Wolfsberg, l 3  and,  recently,  by  Yao  and  Yao. 41 Kelley  and 

Wolfsberg  have  performed  exact  classical   machine  calculations  for  colinear 

atom-molecule  and  molecule-molecule  coll isions,   and  Yao  and  Yao  have 

included  second-order  terms  in  an  analytical   solution of the  same  problem. 

Their   conclusions  are   in   general   agreement .   These  s tudies   indicate   that   the  

magnitude of the  error   due  to   these  approximations  depends  pr incipal ly   on a 

parameter  involving  only  the  mass of the  coll iding  particles.   The  error only 

weakly  depends on the  potential   parameters  and  coll ision  energy  over a wide 

range of values  for  these  quantit ies.  It is shown41  that  the  use of these 

approximations  introduces  the  largest   error  when  the  quantity 

Y 

M =  m, m c  
m8 m A  + w L B  + m,) 

becomes  large.  A s  mentioned  above,  these  calculations  apply  to  the  colinear 

interaction of an  atom  and a diatomic  harmonic  osci l la tor ;  W4 and mB a re  

the   masses  of the  oscil lator  nuclei ,   and m, i s   t he   mass  of the  incident  atom. 

It   can  be  shown  that  the  energy  transferred  to  the  vibrational  mode, is, in  the 

l imit  of large  collision  velocities,  given  by 

AE 
"Ul3* = 4 f i E 0  , 

where E, is the  initial  translational  energy of the  atom-molecule  system. 

It i s   seen   tha t   for  M > 0. 25, the  energy  transferred  to  the  vibrational  mode 

w i l l ,  in  the  limit of very  large  col l is ion  veloci t ies ,   exceed  the  energy  avai l -  

able   f rom  t ranslat ion.  It is apparent  from  these  relations  that ,   for  homopolar 

molecules,   the  "worse"  cases  are  l ight-atom-containing  diatomics  being  struck 

by  very  heavy  atoms. F o r  a case   more   s imi la r   to  C 0 2  excitation, w e  can 

consider O2 being  struck by A r  . There  

Y 

v 

M = 0.55 6 
and 
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F o r   s u c h  mass ratios,   the  calculations of Kelley  and  Wolfsberg  suggest  that, 

over  a large  range of coll isional  energies,   the  ratio of A€,, calculated  using 

the  decoupling  approximation  to  the  exact AE, can  be similar to  AE, / E, , 
i. e . ,   in   the  range 2 - 3 .  Thus  the  decoupling  approximation  introduces  an 

overest imat ion of AE, by a factor  of 2 to 3.  

M R X  

These   e r ro r   e s t ima tes ,   based  on a col inear   model   for   diatomic-atom 

collisions,  cannot  be  expected  to  apply  exactly  to  the  present  case of excita- 

tion of C 0 2  with a more  complex  geometry.   They a re  probably a reasonable 

es t imate  of the  magnitude of e r r o r   i n  AE, . A fac tor  of this  size  in  the 

absolute  magnitude of the  calculated  T-V  probabilities  cannot be considered 

critical.  Actual  high  energy  failure of energy  conservat ion  is   predicted  in  

Ref 13 only for   extreme  col l is ion  energies   ( tens  of e lectron  vol ts) .   This   has  

been  observed  in  the C 0 2  calculation  only  for U2 excitation.  Energy  con- 

servation  failure  can  be  observed  in  the  excitation of the  softest  (bending) 

mode,  but  only  when  the  total  energy  in  translation  plus  rotation  is  greater 

than 2 0  eV,  outside  the  thermal  range of interest   in  the  present  study. 

4 . 2  THERMALLY  AVERAGED  RESULTS 

The   resu l t s   p resented   here   a re  of parametric  investigations of the 

thermally  averaged  C02  t ransi t ion  probabi l i t ies .  ' The  calculations  were 

almost  entirely  for  excitation of the C 0 2  bending  modes,  since,  due  to  their 

l o w  frequency,  bending  mode  excitation  is  the  controlling  T-V  process  in 

C 0 2  . Moreover,   the  calculations  require  less  machine  t ime  when  confined 

to  the  bending  modes.   Three  principal  features of the  transit ion  probabili t ies 

were  examined: 

.II ~. 

1. The  effect of potential   anisotropy  on  the  thermally  averaged  probabili t ies 

~ 

::: A Monte Carlo  technique is used  to  evaluate  the  thermally  averaged  proba- 
bil i ty  expression, Eq (2. 18).  Details of the  Monte  Carlo  method  are  given 
in a previous  report ,   CAL No. AM-2438-A-  1,  and  also  will  be  published  in 
the  Journal  of Computational  Physics. 
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2 .  The  degree  of participation of the  rotat ional   modes in exciting  vibration. 

3 .  The  extent of the  difference  between  the  coplanar  thermally  averaged 

probabi l i t ies   and  the  general   three-dimensional   case.  

F igu re  16 shows  thermally  averaged  probabi l i t ies   for   coplanar   exci ta t ion 

of the  bending  mode ( Po = $, = 7 ). Probabi l i t ies   for   exci ta t ion of the 

three  energy  levels ,  h v2,  2 h 3 , 3 h ~ ,  are shown f o r  two  values of the  potential 

anisotropy, 1 = 1. 16;; and 1 = 0. 58;;. Note  that 4 = 1. 1 6 i   c o r r e s p o n d s   t o  

the   equi l ibr ium  C-0   in te rnuc lear   separa t ion   in   the  C 0 2  molecule.  This 

value of the  anisotropy  places  the  repulsive  potential   centers  at   the  equilibrium 

position of the  oxygen  nuclei. 1 = 0. 58;; corresponds  to   the  repuls ive  centers  

being  placed at the  midpoint of the   C-0   equi l ibr ium  separa t ion .   Corre la t ion  

of  calculation^^^' 42 of rotational  relaxation  t imes  for  homopolar  diatomics 

(using  machine  computation of coplanar  r igid-  rotator  coll isions) with experi-  

mental   data   suggests   placement  of the  repulsive  centers  at   approximately  half  

the  equi l ibr ium  nuclear   separat ion.   For  a sys t em as complex as C 0 2  - A r  , 
however,   the  anisotropy  can  only  be  regarded as a potential   parameter  whose 

influence must be assessed by  calculation.  The  results of Fig.  16 show  marked 

changes  when  the  anisotropy is var ied  over   the  range 1. 16A - 0. 58A.  The 

Tr 

0 0 

Po, probability is reduced  by  factors of - 1 / 2  to  1/ 10, the   l a rger  

reduct ion  occurr ing  a t   the   lowest   temperatures .  In addition,  the  relative 

influence of the  mult iple- jump  processes  is a strong  function of the  degree 

of potential   anisotropy.  In  decreasing  the  anisotropy,  the  inelastic  coll ision 

process  has  been  made  more  adiabatic,   decreasing  the  amount of energy 

t ransferred  to   vibrat ion,   and  s t r ikingly  decreasing  the  role  of mult i - jump 

processes .  

F igure  1 7  shows  the  degree of participation of the  rotational  mode  in  the 

excitation of bending  mode  vibration. In computing  the  "rotation  participating" 

curves,   rotational  equilibrium  has  been  assumed,  and  the  probabili t ies 
a re   ca lcu la ted  f rom Eq. (2. 18). In computing  the  "rotation  suppressed11 

curve,   the   ini t ia l   rotat ional   energy  in   each of the   t ra jec tor ies  used  

w a s  set   equal  to zero.   Therefore ,   in   these  curves ,   there  is no  possibility of 

any  rotational  energy  input  to  vibration. It is seen  that   the  rotational  contri-  

but ion  can  increase Po, by fac tors  of 'v 1. 5 to  3 .  The  contribution of 
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rotation is greatest   a t   the   lowest   temperatures .   Other   calculat ions  which 
include  the  effect of rotation on vibrational  excitation of diatomics  have  been 

performed  by  Benson  and  Berend'  and  by  Kuksenko  and  Losev. l 2  These 

authors  solved,  by  machine  integration,  the  completely  classical  equations 

of motion  governing  coplanar  atom-diatomic  molecule  collisions. A pairwise 

additive,   nuclei-centered  potential  similar to   Eq  (2. 2 )  w a s  used. In both 

cases ,   molecular   constants   for  O2 - A r  collisions  were  used.  Kuksenko 

and  Losev"  discuss  the  effect  of rotation  on  the  thermally  averaged  energy 

t ransferred  to   vibrat ion,  ( T )  . They  find  rotation  increases AT,, by 

" 4  to 5" a t  1000"K,  but  above  1500°,  the  increase  due  to  rotation is only "a 

few  percent. 1 1  The  quantity AE, is only  directly  equivalent  to Po,LT) in  the 

l imit  of low collision  energies,  as discussed  in  Ref 5. For   this   reason,   and 

also  because of the  difference  in  potential   parameters  and  molecular  masses,  

detailed  comparison of the  two  calculations is  not  possible.  The  general 

magnitude of the  rotational  effect  in  the  present  result  at  the  lower  tempera- 

tures ,   however ,   seems  to   be  consis tent  with  those  observed  in Ref 12. The 

contribution of rotation is seen  to  be  greater  in  multi- jump  probabili t ies 

(Fig.  1 7 ) .  A l l  the  results  shown  are  for 1 = 1. 1 6 i ;  the  rotational  contribu- 

tion, of course,   becomes  less  with decreasing  potential   anisotropy. 

- 

- 

A general,  three-dimensional  calculation of the  bending  mode  excitation 

probabilities is shown  in  Fig. 18. The  potential  anisotropy is 2 = 1. 1 6 i ,  

and   a l l   o ther   parameters   a re   the   same as  those of the  coplanar  results  shown 

in  Fig.  16 . Comparison with  the 1 = 1. 16;; curves  of Fig.  1 6  shows  very 

slight  difference  between  the  three  dimensional  and  coplanar  results. It 

should  be  noted  that,  in  the  normal  mode  model of the C 0 2  vibrational  states 

used  for  the  calculations of this  section,  allowance  must  be  made  for  the 

degeneracy of the  bending  mode  in  the  general,  three-dimensional  case.  It 

can be shown  that  the  total  probability  for  excitation  from  ground  to  states 

with  energy n h UZ is :  

(e) 
where Poi and  are  the  probabili t ies  for  the  separate  excitation of the 

tb )  
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orthogonal,  degenerate  bending  modes a and b . The  three-dimensional 

results of Fig,  18 have  been  obtained  using Eq (4. 3) .  
..* 
-8- 

Finally,  Fig. 1 9  shows a comparison of the  present  calculation  (for  two  values 

of potential   anisotropy)  with  the  distorted  wave  calculation of Herzfeld16and  the  best 

f i t  t o  a la rge   amount  of experimental   data ,  as compiled by Taylor  and  Bitterman, 

for  bending  mode  excitation  in C 0 2  - C 0 2  collisions. It is seen  that   the  

probabili t ies  predicted by  the  Herzfeld  theory fall between  the  values  given  in 

the  present   calculat ion  for  1 = 1. 162  and ,! = 0. 58A. Both  calculations 

exhibit a similar temperature  dependence,  which is quite  close  to  the  Landau- 

Teller44  dependence of Po, x T”’? The f i t  to   the  experimental   data  

shows a somewhat  f latter  temperature  dependence.  Furthermore,   the  experi-  

menta l   resu l t s  fall as much as  a factor  of three  below  the  calculated  values 

f o r  0. 58A - 1. 16A,  in  the  middle of the  temperature   range.   For   an  extended  dis-  

cussion of the  sources  of the  data  used  to  obtain  the  experimental   curve  in 

Fig.   19,   reference  should be made  to  the  survey of Taylor  and  Bitterman, 

26 

0 .I- .I. 
I,. -.- 

0 0 

26 

The C 0 2  molecule  is  one of the  few  species  for  which  experimental 

data   are   avai lable   over   such a large  temperature   range,  6 0 0 0 ° K  being  more 

than  s ix   t imes  the  character is t ic   temperature  of the  bending  mode, eY = 960°K. 

It   must  be  emphasized,  however,   that   neither  the  experimental   data  nor  the 

calculations a re  such  that   precise  quantitative  comparisons  can  be  expected. 

The re  is more   t han   an   o rde r  of magnitude  variation  among  the  reported  data 

:: Both  coplanar  and  three-dimensional  probabilities  have  been  thermally 
averaged  using  Eq (2. 18), i. e . ,  a three-dimensional  Maxwellian  distribu- 
tion. For coplanar  cases,   the  angles p and f are   such   tha t  /3 =  IT/^ and 
$ -L 4 Tr/2 throughout  the  collision,  and Eq (2. 18)  reduces  to  an  integral  

over   four   var iables .  

..-I. -I--a- Herzfeld’s  calculation  uses  an  exponential  repulsive  potential  acting  between 
the  nuclei  of the  colliding  molecules. It is not,  however, a general   three-  
dimensional  calculation,  but  employs a rather   sophis t icated  es t imate  of 
s ter ic   effects .   Direct   comparison of geometrical   effects  in  the  two  calcula- 
t ions  does  not  seem  possible.  
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of the  various  experiments  used  to  obtain  the  curve of Fig. 20 at lower  tem- 

pera tures .  And, as has   a l ready   been   d i scussed ,   the   semiempir ica l   na ture  

of the  potential  function  chosen  introduces  large  uncertainties  in  theoretical 

calculation of the rate of C 0 2  vibrational  excitation.  Given  these  uncertainties 

in  both  the  theoretical  calculations  and  the  experimental  data,  the  degree of 

correlation  shown  in  Fig. 2 0  is satisfactory.  

.b 
0,- 

::: Above 1500°K,  the  experimental   curve is the  mean of the  data of the  one 
shock  tube  experiment of Camac.  45 Below  this  temperature,   the  curve 
represents   more   than  a sco re  of separate   experiments   (c .  f .  Ref 26). 
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5. SUMMARY 

This   report   has   presented  the  formulat ion  and  analyses  of models  which 

allow  calculation of cross   sect ions  for   the  vibrat ional   exci ta t ion of C 0 2  dur -  

ing  molecular   col l is ions.   The  basic   processes   modeled  are   energy  t ransfer  

between C 0 2  vibrat ional   s ta tes   ( intramolecular   V-V  processes) ,   and  energy 

t ransfer   f rom  the  t ranslat ional   and  rotat ional   modes of the  gas  into  the  vibra- 

tional  modes of the C 0 2  molecule   (T-V  processes) .   Emphasis  is placed on 

calculat ing  t ra jector ies   and  energy  t ransfer   for   the  inelast ic   col l is ion of a 

s t ruc tu re l e s s  (i. e . ,   nonvibra t ing ,   spher ica l ly   symmetr ic )   par t ic le  with a 

C 0 2  molecule.  

Previous   ana lyses  of inelastic  coll isions of a C 0 2  molecule  with a 

second  par t ic le   have  suffered  f rom at least   one of the  following  restrictions: 

(1)  The  calculation of the  inelast ic   cross   sect ion  has   been  res t r ic ted  to   that  

of f i r s t -order   per turba t ion   theory .  ( 2 )  The  nonspherical   nature of the  potential 

has  been  neglected. ( 3 )  The  effect of rotation of the C 0 2  molecule on the 

energy  t ransfer   has   been  neglected.  (4)  The  influence of vibrational  bending 

of the C 0 2  molecule   on  the  energy  t ransfer   has   been  neglected.  ( 5 )  Inter-  

mode  coupling  during  the  collision  has  been  ignored.  The  present  studies 

have  been  directed  toward  including  these  features of the  collision  in  the 

analysis.   The  details  of the  present  model  are  given  in  Section 2 of this 

report .  

Modelling  and  analysis of the  coll ision-induced  intramolecular  (V-V) 

processes  among  the  coupled  vibrational  modes of C 0 2  is   presented  in  

Section 3 .  A mult i s ta te ,   semic lass ica l   t rea tment  is used,  with  allowance 

for  anharmonic  coupling of the  vibrational  modes.  Results of detailed  cal-  

cu la t ions   a re   p resented   for   energy   t ransfer   f rom  the  (01  0 ) ,  ( O O O l ) ,  and 

( 10°O) s ta tes  of C 0 2  . These  calculations  display  the  extremely  close  coupl- 

ing  between  the  bending  and  symmetric  stretch  modes.  Excitation of the 

( 10°O) s ta te   p roceeds   v ia   t rans i t ions   f rom (01  0 ) ,  not  directly  from  the  ground 

( O O O O )  state .   The  asymmetr ic   s t re tching  mode is much  less  closely  coupled 

to  the  bending  mode  in  rare  gas  collisions,  lending  support  to  the  "two  tem- 

perature"  kinetic  modelling of the C 0 2  vibrational  modes. 38' 3 9  Relaxation 

1 

1 

54 



of the (00" 1)   asymmetr ic   s t re tch  s ta te   occurs   pr incipal ly   to   the ( q ,  Q2 ) 

Fermi   resonance   s ta tes ;   deac t iva t ion  by t ransi t ions  to   the (OOOO) ground  state 

or   the  (01 0) bending state is negligible.  The  (00'1)  relaxation  has  only  slight 

mass dependence, as shown  by  comparison of calculations  for C 0 2  - A r  and 

C 0 2  - He collisions.   This  result   agrees  with  the  experimental   data of 

Yardley  and  Moore, 2 o  although,  for  the  particular  potential   constants  used 

in  this  calculation,  the  values of the (00" 1)  deactivation  rates at 300" a r e  

approximately  an  order  of magnitude  less  than  those  observed. 

1 

An important  feature of the  present  multistate  calculation is that,  in  the 

case  of (OOO 1)  and  (10" 0) re laxat ion,   energy  t ransfer   pr imari ly   occurs   to   levels  
not  directly  coupled  to  these  initial  states.  Deactivation  takes  place by t r ans i -  

t ions  through  an  intermediate  state  or  states.   Such  processes,   which  appear 

t o  be  dominant  in  intramolecular C 0 2  vibrational  relaxation,  cannot  be  cal- 

culated on the  basis of a f i rs t   order   per turbat ion  approximation.  

Al l  the  transit ion  probabili t ies  calculated  with  the  coupled-mode  model 

showed  marked  dependence  on  initial  molecular  orientation. 

Final ly ,   general   features  of a multistate  calculation,  and  differences 

between a multistate  calculation  and a f i rs t   order   per turbat ion  calculat ion of 

C 0 2  vibrational  excitation  were  examined.  In  contrast  to  vibrational  excita- 

tion of a single  harmonic  oscil lator,  i t  w a s  found  that,  under  certain  collision 

conditions,  the  multistate  calculation  could  give a larger   t ransi t ion  probabi l i ty  

than a f i rs t   order   per turbat ion  calculat ion,   due  to   near-coincidence of more  

than  one C 0 2  energy  level.  

Modelling  and  analysis of the  T-V  energy  t ransfer   process  is t rea ted  

in  Section 4. The  decoupled-normal-mode (DNM) model  presented  in  these 

sect ions  re ta ins   such  features  as a nonspherically  symmetric  intermolecular 

potential,  the  influence of molecular  rotation,  and  the  influence of the  vibra- 

tional  bending  modes.  The  inclusion of these   fea tures  is des i rab le   for   the  

specific  case of CO T-V  excitation,  wherein  the  role of the  bending  modes 

is expected  to  be  significant. 
2 

As  discussed  in  Section  1,   any  cross  section  calculation  for  the  vibra- 

tional  excitation of C 0 2  curren t ly   mus t   re ly  on empirically  derived  potential  
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data.  It is therefore   desirable   that  a model  calculation of thermal   T-V 

cross  sections  be  sufficiently  f lexible  to  al low  investigation of the  effects 
of various  coll ision  parameters,   without  requiring  an  impractical   amount 

of machine  computation  time.  The DNM model  permits  computation of the 

vibrational  transit ion  probabili t ies  in  such a sufficiently  short   t ime.  This 

reduction  in  the  computational  time  is  achieved  in  three  ways.  First,  the 

decoupling  approximation  reduces  the  number of in i t ia l   t ra jec tory   parameters  

involved;  in  particular,   the  need  for  averaging  over  the  various  vibrational 

phases   and  energies  is eliminated.  Thus  the  dimensionality of the   thermal  

c ross -sec t ion   in tegra l   (Eq  ( 3 .  1))  has  been  significantly  reduced. A second 

feature  of the DNM model is that  T-V  excitation of the  various C 0 2  modes 

can  be  examined  independently. In par t icular ,  if  the  bending  mode  excitation 

is the  basic  T-V  mechanism,  then  the  T-V  excitation of this  mode  can  be 

calculated  separately.  A much  larger  amount of machine  t ime would  be 

required i f  the  influence of all vibrational  modes  had  to  be  incorporated  into 

every  trajectory  calculation.  Finally,  the  Monte  Carlo  thermal  averaging 

scheme  used  great ly   reduces  the  number of trajectory  calculations  required 

over  more  conventional  numberical   quadrature  techniques.  

Using  the  decoupled  normal  mode  model,  three  principal  features of the 

C02  T-V  transit ion  probabili t ies  were  examined: 

1. The  effect of potential  anisotropy  on  the  thermally  averaged  probabilities. 

2 .  The  degree of participation of the  rotational  mode  in  excit ing  vibration. 

3 .  The  extent of the  difference  between  the  coplanar  thermally  averaged 

probabilities  and  the  general  three-dimensional  case. 

It w a s  found  that  the  degree of potential   anisotropy  has a large  effect  on 

the  magnitude of the C 0 2  T-V  transit ion  probabili t ies.  When  the  anisotropy 

is varied  between  physically  reasonable  limits,  the  excitation  probability 

changes by fac tors  of 2-10,  the  greatest   change  occurring  at   the  lower  tem- 

pera tures .  In addition,  the  relative  influence of the  mult iple- jump  processes  

is a strong  function of the  degree of potential  anisotropy. 

Rotational  energy w a s  found  to  contribute  to  vibrational  excitation of 
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C 0 2  , increasing  the  magnitude of bending  state  excitation  by as much as a 

fac tor  of 3 at the  lowest   temperatures  ( = 300°K).  The  magnitude  and  nature 

of the  rotational  contribution  seen  in  this  study  appears  to  be  in  general 

agreement  with  the  results of Kuksenko  and  Losev. 12 

The  three-dimensional  calculation  for C 0 2  bending  mode  excitation 

did  not  differ  significantly  from  the  coplanar  case,   over  the  entire  temperature 

range  studied (300 - 8000°K). 

The  current  calculation of bending  mode  excitation  probabilities  bracketed 

the  theoret ical   resul ts  of Herzfeld,  when  the  potential  anisotropy  was  varied 

between 1. 16A and 0.  58A. The  theoretically  predicted  transit ion  probabili t ies 

f o r  a potential  anisotropy of 0.  58A were  within a factor  of th ree  of the  mean 

of experimental ly   measured  values ,   over   the  temperature   range 300 to  8000°K.  

The T - V  model  therefore  appears  quite  adequate  for  the  correlation of high 

temperature   shock wave  data. 

0 0 

0 
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