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Abstract

C02 LASER CHEMISTRY OF CARBONYL SULFIDE AND SELECTED HYDROCARBONS

by

Alan H. Schwebel 

Advisor:  P ro fe s so r  A. M. Ronn

COg l a s e r  e x c i t a t i o n  o f  carbonyl s u l f i d e  (OCS), both on and o f f
resonance was s t u d i e d .  F luorescence  r i s e t im e s  and f a l l t i m e s  o f  the
Vg mode was monitored a f t e r  the  2v^ mode i s  e x c i t e d  with both an
unfocused and focused TEA l a s e r .  A c t iv a t io n  o f  t h i s  mode i s  found
to  be 53 msec“ ^ t o r r “  ̂ under unfocused cond i t ion  and 23.4 m s e c '^ to r r ' ^
under focused e x c i t a t i o n .  The decay r a t e  c o n s ta n t  i s  approximate ly
8  msec“ H o r r “  ̂ in  both c ase s .  Mechanisms and comparison to  r e s u l t s
ob ta ined  by o th e r  methods a re  d iscussed  in terms o f  energy gaps and
b re a th in g  sphere  parameters  f o r  th e  p rocesses  invo lved .  Under high

Q ?level  e x c i t a t i o n  ( i n t e n s i t y  > 10 W /cnr ) , no d i s s o c i a t i o n  o f  OCS was 
d e te c te d  under c o l l i s i o n l e s s  c o n d i t io n s .  These r e s u l t s  w i l l  be d i s ­
cussed in  terms o f  the  e x i s t i n g  t h e o r e t i c a l  model o f  m u l t ip l e  photon 
d i s s o c i a t i o n .  Laser Induced D i e l e c t r i c  Breakdown o f  carbonyl s u l f i d e  
was a l s o  s tu d ied  along with the  plasma emission accompanying t h i s  
p rocess .  The spectrum i d e n t i f i e d  th e  spec ie s  CO, C2 , and S as the  
major e m i t t e r s .

The Laser  Induced D i e l e c t r i c  Breakdown Spectrum (LIDBS) o f  a 
s e r i e s  o f  hydrocarbons,  f luoromethanes ,  and chloromethanes was s tu d ied  
us ing an Optical  Multichannel Analyzer (0MA). These s p e c t r a  were r i c h  

in  a tomic ,  i o n i c ,  and molecular  f ragments .  Each o f  t h e  s p e c t r a  were 
completely  i d e n t i f i e d  by matching the  em i t t ing  l i n e  to  the  l i t e r a t u r e  
value o f  t h a t  s p e c ie s .  This technique  was a l s o  used t o  i d e n t i f y  im­
p u r i t i e s  in  a mix ture  o f  gases .

The COg l a s e r  i g n i t i o n  o f  combust ib le  hydrocarbon mix tures  with  
a i r  o r  oxygen was s tu d ie d .  The r e s u l t s  i n d i c a t e  t h a t  l a s e r  i g n i t i o n  
i s  success fu l  over a wide range o f  hydrocarbon p e r c e n t ,  and y i e l d s  l e s s  
p o l l u t a n t  products  as compared to  spark  i g n i t i o n .  The sp ec t ro sc o p ic  
i d e n t i f i c a t i o n  o f  the  v i s i b l e  and n e a r - i n f r a r e d  emission of  t h e  flames 
was a l s o  s t u d i e d .  The r e s u l t s  a re  c o n s i s t e n t  with an e l e c t r o n - t y p e  
mechanism as the  i n i t i a t o r  o f  combustion p ro cess .

i i i
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CHAPTER 1 

Laser  Reactions  o f  OCS



In t r o d u c t io n

The r o l e  o f  the  l a s e r  in chemistry  has changed d r a m a t i c a l ly  in 

r e c e n t  y e a r s .  In t h e  e a r l y  y e a r s ,  a f t e r  i t s  d i s co v e ry ,  l a s e r  e x c i t e d  

v ib r a t i o n a l  f lu o rescen ce  exper iments  c o n t r ib u te d  g r e a t l y  to  our 

unders tanding  o f  energy t r a n s f e r  p rocesses  in s i n g l e  molecules .  These 

exper iments  u t i l i z e d  r e a d i l y  a v a i l a b l e  low-powered l a s e r s  t o  g ive  i n f o r ­

mation on the  r a t e s  o f  e x c i t a t i o n  and d e a c t iv a t io n  among th e  many 

d i f f e r e n t  v ib r a t i o n a l  modes o f  t h e se  molecules.  The v i b r a t i o n a l  energy 

t r a n s f e r  maps genera ted  by t h i s  da ta  c o n t r ib u te d  to  th e  unders tanding  

o f  molecular  i n t e r a c t i o n s ,  he lped guide  e x p lo r a t i o n s  o f  l a s e r  enhanced 

chemical r e a c t i v i t y ,  and were a l s o  used to  improve o p e ra t io n  o f  gas

l a s e r s .  In the  l a t e  1960 's  and 1970 's ,  the  advent o f  high-powered
2

l a s e r s  he lped open a whole new f i e l d  o f  l a s e r  chemis t ry  . These l a s e r s

he lped  to  d i s s o c i a t e  unique molecular  sp ec ie s  by r e ly in g  on th e  l a s e r ' s

l a rg e  photon f l u x ,  l a rg e  energy or f luence  a v a i l a b l e ,  and s h o r t  pu lse

d u ra t io n .  Indeed, th e  s tunn ing  l a s e r  i so to p e  s e p a r a t io n  experiments

on SFg in  the  e a r l y  1970 's  spawned th e  b e l i e f  t h a t  an e ra  o f  mode-

s e l e c t i v e  chemistry  had a r r i v e d .  Chemists env is ioned  molecules  being

d i s s o c i a t e d  by a p p r o p r ia t e  l a s e r s  t o  g ive  r i s e  t o  chemical r e a c t io n s

t h a t  were no t  th e rm a l ly  a c c e s s i b l e .  However, much o f  t h i s  excitement

was tempered by th e  f a c t  t h a t ,  in  a lmost a l l  c a s e s ,  th e  d i s s o c i a t i o n

in  such experiments fol lowed th e  expected f ragm enta t ion  p a t t e r n ^ .  In

a l l  c a s e s ,  th e  weakest  bond would ru p tu re  r e g a r d l e s s  o f  where the

energy was d ep o s i t ed .  This f a c t  was r e a d i l y  exp la ined  by th e  simple
5s t a t i s t i c a l  thermodynamical theory  r e f e r r e d  to  as RRKM theory  . This 

theory  p r e d i c t s  t h a t ,  when a molecule absorbs a l a rg e  number o f  photons 

and i s  e l e v a te d  to  an e x c i t e d  s t a t e  t h a t  i s  s u f f i c i e n t l y  high to



d i s s o c i a t e  th e  molecule ,  f ragmenta t ion  w i l l  occur  subsequent to  

v i b r a t i o n a l  e q u i l i b r a t i o n  o f  a l l  v i b r a t i o n a l  degrees  o f  freedom. This 

means t h a t ,  a f t e r  th e  l a s e r  energy i s  d ep o s i t ed  in  a s p e c i f i c  v i b r a ­

t i o n a l  s t a t e  and then th e  molecule i s  e l e v a t e d  to  a more h ighly  

e x c i t e d  s t a t e d  be fo re  d i s s o c i a t i o n ,  t h e r e  i s  t o t a l  e x c i t a t i o n  o f  a l l  

v i b r a t i o n a l  degrees  o f  freedom and no t  only th e  one t h a t  was i n i t i a l l y  

e x c i t e d .  Such a cond i t io n  would lead  to  f r agm en ta t ion  a long a 

d i s s o c i a t i o n  c o o rd in a te  t h a t  i s  weaker than the  r e s t .  To i l l u s t r a t e  

t h i s  p o i n t ,  i f  one was t o  perform an exper iment on a molecule  such as 

SFgCl, we would expec t  th e  s u l f u r - c h l o r i n e  bond to  fragment s in c e  i t  

i s  t h e  weakest  in  th e  system. Indeed,  t h i s  p r e d i c t i o n  i s

borne ou t  by an exper iment in  which t h e  s u l f u r - f l u o r i n e  v i b r a t i o n  was
£

e x c i t e d  bu t  th e  s u l f u r - c h l o r i n e  bond was ru p tu red  . In g e n e r a l ,  i t  is  

now b e l iev ed  t h a t  m u l t i p l e  photon d i s s o c i a t i o n  (MPD) experiments  do not 

lead  t o  a f r agm en ta t ion  p a t t e r n  t h a t  i s  in  any way d i f f e r e n t  than t h a t  

p r e d i c t a b l e  or  a ch ievab le  v ia  o t h e r  t e ch n iq u es .

Chemists then began tu rn in g  t h e i r  view to  the  fundamental s t u d i e s  

o f  both m u l t ip l e  photon e x c i t a t i o n  and d i s s o c i a t i o n  o f  polyatomic 

molecules  with  a s i n g l e  i n f r a r e d  l a s e r  f requency^ .  Many s t u d i e s ,  both 

t h e o r e t i c a l  and expe r im en ta l ,  were done a l lowing us to  determine the  

molecular  and l a s e r  p r o p e r t i e s  t h a t  most s t r o n g ly  in f lu e n c e  the  

multi  p ie -photon  p rocess .

At the  same time th e se  mult i  pi e-photon experiments were being 

done, chemists  took note  of  ano the r  l a s e r  process  c a l l e d  la se r - in d u ce d
Q

d i e l e c t r i c  breakdown (LIDB). LIDB i s  a phenomenon found when an 

in f r a r e d  l a s e r  o f  high power d e n s i ty  i s  focused i n t o  a polyatomic 

gaseous sample. A simple e x p lan a t io n  o f  t h i s  p rocess  i s  t h a t  e l e c t r o n s



a c c e l e r a t e d  by the  l a rg e  AC e l e c t r i c  f i e l d  o f  th e  l a s e r  ach ieve  

s u f f i c i e n t  energy to  cause both f ragm enta t ion  and i so m e r iz a t io n  o f  

polyatomic s p e c ie s .  Most o f t e n ,  bas ic  e x p e r im e n t a l i s t s  in  th e  MPD 

d i s c i p l i n e  avoided d i e l e c t r i c  breakdown, b e l i e v in g  t h a t  th e  format ion 

o f  l a r g e  co n ce n t ra t io n s  o f  ions and e l e c t r o n s  would a f f e c t  the  

mechanism o f  d i s s o c i a t i o n .  However, r e c e n t  work has shown t h a t  LIDB 

experiments  do not r e s u l t  in  any d i f f e r e n t  f ragm en ta t ion  p a t t e r n  than
O

MPD . I f  one i s  to  compare techniques  with th e  same molecule ,  one 

could v i s u a l i z e  an experiment on SFgCl in which a l a s e r  beam i s  

focused i n to  a p re s su r i ze d  c e l l  a t  high enough p re s su re  to  in su re  

d i e l e c t r i c  breakdown and fo l low  the  f ragm enta t ion  p a t t e r n .  Indeed ,  i t  

i s  found t h a t  th e  s u l f u r - c h l o r i n e  bond ( th e  weakest  one) once again  

ru p tu res  as in the  m ul t ip le -pho ton  exper iment .  Obviously ,  d e s p i t e  the  

s i m i l a r i t y  o f  th e  f i n a l  f ragmenta t ion  p ro c e s s ,  t h e r e  a re  many 

fundamental d i f f e r e n c e s  in LIDB and MPD. For i n s t a n c e ,  in  the  MPD 

c as e ,  e x c i t a t i o n  proceeds v ia  resonan t  a b so rp t io n  o f  the  l a s e r  photon 

w h i le ,  in LIDB, no such resonan t  i n t e r a c t i o n  i s  nece ssa ry .  I t  i s ,  in  

f a c t ,  p r e f e r a b l e  t h a t  the  molecule under i n v e s t i g a t i o n  has no 

r e sonan t  leve l  near th e  l a s e r  wavelength s in ce  th e  e l e c t r i c  f i e l d  t h a t  

a c c e l e r a t e s  th e  e l e c t r o n s  would be somewhat d e p le ted  by an ab so rp t io n ,  

should  one e x i s t .  Other d i f f e r e n c e s  such as low gas p re s su re  (MPD) 

versus  high gas p re s su re  (LIDB), low power (MPD) versus  high power 

(LIDB) a l so  e x i s t .

Given the  s i m i l a r i t i e s  and d i f f e r e n c e s  between LIDB and MPD, we 

f e l t  i t  would be impor tant to  do a sy s tem a t ic  s tudy  o f  t h e se  two 

p rocesses  on one molecule so as to  measure th e  l i f e t i m e  o f  any io n s ,  

e l e c t r o n s ,  and fragments t h a t  may occur  in  each o f  th e se  p ro ce sses .



The s im p le s t  molecule p o s s ib l e  t o  be used in t r y i n g  to  g ive  a d e t a i l e d

d e s c r i p t i o n  sp ec i fy in g  th e  s t a t e  involved in  th e  d i s s o c i a t i o n

mechanism was carbonyl s u l f i d e  (OCS).

OCS i s  a l i n e a r  t r i a t o m i c  molecule about which much i s  known. I t s

i n f r a r e d  spectrum was s tu d ie d  completely  enough to  a llow a de te rm ina t ion
g

o f  a l l  o f  t h e  anharmonic i ty  c o n s ta n t s  o f  t h i s  molecule . The over tone  

o f  i t s  bending v i b r a t i o n  matches the  P(22) 9 .6  l i n e  o f  the  C02 l a s e r ^ .

This t r i a to m  should d i s s o c i a t e  simply i n to  carbon monoxide and 

s u l f u r  both by multi  pi e -photon d i s s o c i a t i o n  and d i e l e c t r i c  breakdown.

By fo l lowing the  l i f e t i m e s  o f  th e  CO and S fragments  found in both 

c a s e s ,  we hoped to  be a b le  to  make q u a n t i t a t i v e  comparisons between 

MPD and LIDB.

In o rd e r  to  have a complete p i c t u r e  of  th e  i n t e r a c t i o n  o f  l a s e r  

r a d i a t i o n  w i th  OCS, we f i r s t  d id  some e n e r g y - t r a n s f e r  s t u d i e s  under 

low -exc i ta t ion  cond i t ions  be fo re  performing th e  d i s s o c i a t i o n  experiments

both  "on" and "o f f"  resonance.  In th e  next s e c t i o n ,  I w i l l  give a

more d e t a i l e d  t h e o r e t i c a l  background o f  th e  energy t r a n s f e r ,  m u l t ip l e  

photon d i s s o c i a t i o n ,  and l a s e r  induced d i e l e c t r i c  breakdown p ro c e s s e s ,  

followed by th e  r e s u l t s  and d i s c u s s i o n  of  t h e  exper im ents .



T h e o re t i c a l  Background

A. Energy T r an s fe r

The flow o f  energy between the  va r ious  degrees  o f  freedom o f  a 

molecule  i s  a to p i c  o f  c r u c i a l  importance in  th e  development o f  a 

complete theo ry  o f  chemical r e a c t i v i t y .  In f a c t ,  t h e  r e l a t i v e  r a t e s  

o f  energy flow between v i b r a t i o n a l  modes and among the  t r a n s l a t i o n a l ,  

r o t a t i o n a l ,  and v ib r a t i o n a l  degrees  o f  freedom he lp  determine th e  g a in ,  

energy , and power c h a r a c t e r i s t i c s  o f  most i n f r a r e d  gas l a s e r s .  In 

t h i s  s e c t i o n ,  we w i l l  review some o f  the  t h e o r e t i c a l  a sp ec t s  o f  

energy t r a n s f e r  with p a r t i c u l a r  emphasis on th e  f a c t o r s  governing the  

intermode v ib r a t i o n a l  energy t r a n s f e r  in  polyatomic molecules .

The t r a n s f e r  o f  energy between v i b r a t i o n  and t r a n s l a t i o n  i s  a

c o l l i s i o n a l  process  s in c e  i t  i s  on ly  a t  m olecu lar  c o l l i s i o n s  t h a t

energy can be exchanged. The t r a n s i t i o n  p r o b a b i l i t y  (P) i s  the

p r o b a b i l i t y  t h a t ,  a t  a c o l l i s i o n ,  a given p rocess  w i l l  t ake  p l a c e ,

i . e . ,  a v i b r a t i o n a l  quantum w i l l  be conver ted e n t i r e l y  to  t r a n s l a t i o n a l

energy o r  e l s e  conver ted  i n to  a quantum o f  a d i f f e r e n t  v i b r a t i o n .  The

th eo ry  which has been most widely  used f o r  q u a n t i t a t i v e  comparison

with  exper imental  measurements o f  v ib r a t i o n a l  r e l a x a t i o n  i s  the

Schwartz, Slawsky, and Herzfe ld  (SSH) th eo ry .  The theory  was f i r s t

developed f o r  d ia tomic  m o le c u le s ^  and then extended f o r  polyatomic
12molecules  by Tanczos in  1956.

The p r o b a b i l i t y  t h a t ,  during a b ina ry  c o l l i s i o n ,  v i b r a t i o n a l  mode

(a ) o f  one molecule w i l l  change i t s  quantum s t a t e  from i to  j ,  whi le  

s im ul taneous ly  a second mode (b) in  a no the r  molecule w i l l  change i t s  

s t a t e  from k t o  s. i s  given by SSH theo ry  a s :



pk-lib | = p0(a)p0(b^ v1j(a^ 2[vk£(b^ 2( ^ kT)

x e x p [ - e / k T ] ( £ * - ^ ) 2J J f ( u )d u
h

(1)

where

and L' = • V,

y i s  th e  reduced mass o f  th e  c o l l i d i n g  p a i r  which approach one ano ther  

with  an e f f e c t i v e  r e l a t i v e  v e l o c i t y ,  u, and recede  with  v e l o c i t y ,  V. 

The i n t e g r a t i o n  i s  over  th e  thermal d i s t r i b u t i o n  a t  T o f  th e  molecular  

v e l o c i t i e s .  AE i s  th e  amount o f  energy exhanged between th e  v i b r a ­

t io n a l  and t r a n s l a t i o n a l  degrees  o f  freedom in t h e  V-T c a se ,  i . e . ,

s in ce  k = sl . In th e  case  o f  v i b r a t i o n - v i b r a t i o n  t r a n s f e r  ( v - v ) ,

When aE i s  l a r g e ,  the  i n t e g r a t i o n  can be so lved  a n a l y t i c a l l y  in terms 

o f  a* t o  give the  formula deduced by Tanczos which i s  v a l i d  f o r

AE = hva ( i - j ) ( 2 )

AE = hvg{ i - j )  + hvb (k-£) (3)

v a lu es ,  aE > 200 c n fV  This equat ion  i s



8.

p ! ‘ ? M  ■ P0 (a )P 0 ( b ) ( S ) 2[vk - t ( b ) 13 ] 2 [ v l ? ; j 2s ( i ) ,s
(a )  (b)-

*2  . |-2 2 3
w here  E  = ^-u—  = ( AE .P*. ■ )

h e re  5 2kT 2o*h kT

i W l s W - S f j l r + f r ]  (4)
a *  h

1 .

This equa t ion  can be considered  in  fo u r  p a r t s :  (a)  t h e  geo­

m e t r i c a l  o r  s t e r i c ,  f a c t o r  PQ (b) th e  c o l l i s i o n  c r o s s - r e f e r e n c e  

f a c t o r  ( r * / a 2 ) (c) the  v ib r a t i o n a l  f a c t o r s  [V] 2 (d) th e  t r a n s l a ­

t i o n a l  f a c t o r  r e p re se n te d  by th e  remainder o f  th e  eq ua t ion .

(a) The s t e r i c  f a c t o r ,  P , i s  r e q u i r e d  to  account f o r  th e  f a c t

t h a t  the  molecules a re  not s p h e r i c a l l y  symmetrical  and t h a t  some

c o l l i s i o n a l  o r i e n t a t i o n s  w i l l  be more e f f e c t i v e  than o t h e r s .  They
o

a r e  u su a l ly  taken as 1/3  ( the  average o f  cos e taken over a sphere)  

f o r  dia tomics  and f o r  l o n g i tu d in a l  v i b r a t i o n s  o f  l i n e a r  polyatoms. 

For n o n - l i n e a r  polyatoms and f o r  bending modes o f  l i n e a r  m olecu les ,  

PQ i s  taken as 2 /3 .

(b) The c o l l i s i o n  c ross  r e f e r e n ce  f a c t o r ,  ( r * /o  ) ,  i s  th e  r a t i ow

o f  th e  in te rm o le c u la r  s ep a ra t io n  a t  the  c l a s s i c a l  tu rn in g  p o in t  to  

the  s e p a ra t io n  a t  zero  p o te n t i a l  energy ,  a ,  which i s  used in c a l c u ­

l a t i n g  the  gas k i n e t i c  c o l l i s i o n  number, Z, where

Z = 4 n ( o * ) 2TrkT(m)^ (5)



9.

i 1 2(c )  The v ib r a t i o n a l  f a c t o r  [v J ( a ) ]  i s  th e  square  o f  t h e  m atr ix  

e lement f o r  th e  t r a n s i t i o n  between the  two v ib r a t i o n a l  s t a t e s ,  i ,  j ,  o f  

molecule  ( a ) .  I t  r e p r e s e n t s  th e  coupling o f  th e  i n i t i a l  and f i n a l  

s t a t e s ,  i and j ,  o f  th e  o s c i l l a t o r  under th e  i n f lu en c e  o f  th e  

p e r t u r b a t i o n  produced by th e  c o l l i s i o n .  I t  depends on the  re p u ls io n  

parameter ,  a ,  and the  frequency and ampl itude o f  t h e  v i b r a t i o n .  

V ib ra t iona l  f a c t o r s  a re  de f ined  f o r  z e r o ,  s i n g l e ,  and double quantum 

jumps as

[v1-1]2 = 1 (6)

[V(1+1H]2 = [vi - ( i +l)]2 = a2(A2)(i+1)/2Y (7)

[ v ( i + 2 M - ] 2  = [ v1 - ( i +2 ) ] 2  ■ .  ct4 (A4) Ci +1 )Ci+2)/ 1 6y2 (8)

2
where y = 4-n- v /h .

2
The v ib r a t i o n a l  ampli tude  c o e f f i c i e n t  (A ) i s  th e  C ar te s ian  

d isp lacement o f  an atom f o r  u n i t  change o f  the  normal c o o rd in a te  o f  

a given v i b r a t i o n .  The va lues  o f  (A ) f o r  the  s u r f a c e  atdms o f  a 

molecule,which i s  t r e a t e d  as a " b rea th in g  sp h e re , "  a r e  then averaged
o

and summed over the  number o f  s u r f a c e  atoms to  g ive  (A ) .  The 

magnitude o f  th e  whole m a tr ix  element corresponding  to  a
o p

one quantum jump varies d irect ly  with a and (A ) and inversely  with 

t h e  vibration frequency.

(d) The t r a n s l a t i o n  f a c t o r  g ives  exp ress ion  to  th e  change in 

k i n e t i c  energy o f  t r a n s l a t i o n  involved in  th e  i n e l a s t i c  c o l l i s i o n .  The



paramete rs  Involved a r e  the  reduced mass o f  th e  c o l l i s i o n ,  y ,  and th e  

tem pe ra tu re ,  T,  which to g e th e r  de termine the  v e l o c i t y  o f  approach;

AE, t h e  amount o f  v ib r a t i o n a l  energy t r a n s f e r r e d  in th e  c o l l i s i o n ,  and 

th e  i n t e rm o le c u la r  r e p u ls io n  parameter ,  a .

For v-v t r a n s f e r  between d i f f e r e n t  molecular  s p e c i e s ,  th e  a d d i ­

t i o n a l  p r o b a b i l i t y  a r i s e s  o f  a r e sonan t  t r a n s i t i o n  when

hva(i- j )  = hvb(k-t),

and aE = 0.  For r e sonan t  and n e a r - r e so n a n t  t r a n s f e r ,  a d i f f e r e n t  

a n a l y t i c a l  s o l u t i o n  a l s o  due to  Tanczos,  a p p l i e s  f o r  va lues  o f  

aE 5 50 cm"1 .

pk l t [ b )  = P0 (a )P0 {b)[V1_ j (a) • Vk- * ( b ) ] 2 6-4A kToxp[e/kT]  (9)
a h

Resonant t r a n s f e r s  a re  much f a s t e r  than non-resonan t  t r a n s f e r s  

and th e re  i s  no term in aE so t h a t  a l l  near  r e sonan t  t r a n s f e r s  with 

AE < 50 cm"1 behave as though r e so n an t .  Dependence on the  frequency  

o f  th e  exchanging modes a r i s e s  through a p re -exponen t ia l  te rm, 

[V1*"J*(a)*V*<" J' ( b ) ] ‘\  Since each squared v i b r a t i o n  f a c t o r  f o r  a s in g l e  

quantum t r a n s i t i o n ,  [V^1" ^ " 1] 2 , i s  in v e r s e ly  p ro p o r t io n a l  to  

frequency (equa t ion  7 ) ,  t h i s  g ives  r i s e  to  in v e r se  dependence o f  P on 

the  square  o f  the  frequency. Resonant t r a n s f e r s  between high frequency 

modes w i l l  thus have a c o l l i s i o n  p r o b a b i l i t y  much sm a l le r  than u n i ty .

We s t a t e d  e a r l i e r  t h a t  in t r a m o le c u la r  t r a n s f e r  of  energy between 

d i f f e r e n t  v ib r a t i o n a l  modes can occur  only in  c o l l i s i o n  as the  energy 

discrepancy  between the  modes must be made up as t r a n s l a t i o n a l  energy.



For a molecule with two a c t i v e  v i b r a t i o n a l  modes o f  f requency,  v-j and 

Vg* t h e r e  a r e  t h r e e  p o s s ib le  v i b r a t i o n a l  t r a n s i t i o n s  which a re  

i l l u s t r a t e d  on the  en ergy - leve l  diagram in Figure  1.

(a) T r a n s fe r  o f  t r a n s l a t i o n a l  energy in to  0 -»• 1 e x c i t a t i o n  o f  

th e  mode v-| with  r e l a x a t i o n  t ime Bp

A*V l(v=l)  + A $  A(v=0) + A + aEj (10)

(b) T ran s fe r  o f  t r a n s l a t i o n a l  energy to  0 -*■ 1, e x c i t a t i o n  o f  the  

mode \>2 with  r e l a x a t i o n  t ime b2 -

A*v2 (v=1) +  A  $  A(v=0 ) + A + AE2 ( 1 1 )

(c) The complex t r a n s f e r  o f  one quantum o f  v i b r a t i o n a l  energy 

from mode v-| plus  the  necessa ry  increment  o f  t r a n s l a t i o n a l  energy to  

g ive  0 -+ 1 e x c i t a t i o n  o f  the  mode v2 w ith  r e l a x a t i o n  time

A*v-| {v = l ) + A + A*v2 (v=l)  + A + aE12 (12)

The v a lu e s ,  B p  32 » and b12 in  p r i n c i p l e  can be c a l c u l a t e d  using SSH 

theory .  Since only one molecular  sp ec ie s  i s  involved in a l l  t h r e e  

p ro c e s se s ,  t h e i r  r e l a t i v e  magnitudes w i l l  be mainly determined by the  

value o f  aE. For the  case  o f  Figure  1,  the  f a s t e s t  r e l a x a t i o n  

process  w i l j  be the  complex t r a n s f e r  (c) and the  s low es t  th e  V-T 

r e l a x a t i o n  o f  th e  v2 by process  (b ) .  This means t h a t  b2 > B-j > 3-j2 . 

Thus,  v ib r a t i o n a l  energy e n te r s  the  molecule v ia  process  (a) which i s
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FIGURE 1

Energy Level Diagram Showing T r a n s i t i o n s  f o r  a Molecule 

With Two A c t ive  V i b r a t i o n a l  Modes



r a t e  c o n t r o l l i n g  and r a p i d l y  flows in  complex c o l l i s i o n s  v ia  t h e  

f a s t e r  process  (c)  to  the  upper mode. Process  (b) i s  too slow to  p lay  

any r o l e .  This i s  known as  a s e r i e s  mechanism and i s  c h a r a c t e r i z e d  by 

a s i n g l e  o v e ra l l  r e l a x a t i o n  t im e ,  6 * which can be r e l a t e d  t o  e-j by

e l  = t c l / c s ) e  (13 )

where i s  th e  heat  c a p a c i ty  c o n t r ib u t io n  due to  mode v-j a lone  and

C$ t h e  t o t a l  v ib r a t i o n a l  hea t  c a p a c i ty .

This kind o f  behav io r  i s  shown by the  m a jo r i ty  o f  small  polyatomic

molecules .  The most usual p a t t e r n  o f  fundamental v i b r a t i o n  f req u e n c ie s

i s  such t h a t  th e  energy gaps between th e  upper modes a re  much l e s s  than

the  energy level  o f  the  lowest  mode. The general  p i c t u r e  i s  t h a t  r a p id

v-v t r a n s f e r  main ta ins  continuous  e q u i l ib r iu m  o f  v i b r a t i o n a l  energy

between the  var ious  fundamental modes o f  th e  molecule and t h a t  the

whole o f  t h i s  energy r e l a x es  in a s i n g l e  v i b r a t i o n - t r a n s l a t i o n  t r a n s f e r

process  v ia  the  lowest  mode. In p r a c t i c e ,  i n f r a r e d  l a s e r  induced

f lu o rescen ce  experiments o f f e r s  a unique o p p o r tu n i ty  to  s tudy  the

r a t e  o f  energy t r a n s f e r  between va r ious  modes o f  a polyatomic  molecule.

A f t e r  pumping a c e r t a i n  r e so n an t  t r a n s i t i o n  o f  the  m olecu le ,  the  r a t e

o f  in c re a s e  o f  f lu o rescen ce  f o r  a given leve l  fo l lowing  e x c i t a t i o n  i s

a measure o f  th e  v-v energy t r a n s f e r  r a t e  between modes, w h i le  the

decay o f  f lu o rescen ce  i s  r e l a t e d  to  th e  V-T energy  t r a n s f e r  r a t e .

B. Multi photon Absorption and D is so c ia t io n

I t  i s  now well  known t h a t  a molecule can s e q u e n t i a l l y  absorb  enough

i n f r a r e d  photons to  s u c c e s s f u l l y  d r iv e  a chemical r e a c t i o n .  I t  has
13been shown exper im en ta l ly  t h a t ,  under c o l l i s i o n l e s s  c o n d i t io n s  , a



molecule may absorb t h i r t y  o r  more pho tons ,  d i s s o c i a t e ,  and even 

m ain ta in  i t s  i s o to p ic  s e l e c t i v i t y 14. Many t h e o r e t i c a l  ex p lan a t io n s  

have been advanced in r e c e n t  y ea r s  t o  i n t e r p r e t  t h e se  exper imental  

f i n d i n g s 15. The unders tanding  o f  t h e s e  p ro cesses  r e q u i r e s  the  

ex p lana t ion  o f  the  fo l lowing  p o in t s :

(a) Anharmonicity E f fe c t s

Since only a s i n g l e  v i b r a t i o n a l  mode o f  the  molecule  i s  

in  resonance w i th  the  l a s e r  f requency ,  the  qu es t io n  a r i s e s  how does 

one overcome the  in h e re n t  anharmonic i ty  o f  t h i s  mode with  the  mono­

chromatic  l a s e r  l i g h t .

(b) I n t r a s t a t e  Scrambling E f f e c t s

The d e s c r i p t i o n  o f  the  l e v e l  s t r u c t u r e  o f  the  lowest  

p o t e n t i a l  su r fa ce  o f  a polyatomic molecule  in terms o f  independent 

anharmonic o s c i l l a t i o n s  i s  expected to  break down a t  some energy above 

th e  e l e c t r o n i c  o r i g i n  because of  i n t r a s t a t e  coupl ing  between 

d i f f e r e n t  modes. The ques t ion  is  what e f f e c t  does t h i s  v i b r a t i o n a l  

scrambling have on the  mult iphoton  p ro c e ss .

(c) F ie ld  E f f e c t s

Mult iphoton m o lecu la r  p h o to d i s s o c i a t i o n  was observed in 

in t e n s e  e lec t ro m ag n e t ic  f i e l d s .  T h e re fo re ,  we must a l s o  address  the  

e f f e c t  o f  th e se  f i e l d s  on the  p rocess .  The impor tan t  f i e l d  e f f e c t s  

a r e :

(1) S ta rk  E f f e c t 1**. In th e  l a rg e  e l e c t r i c  f i e l d  p re s en t  in 

th e  TEA l a s e r ,  abso rp t ion  l i n e  broadening due to  a s p l i t t i n g  o f  

molecular  v i b r a t i o n a l - r o t a t i o n a l  s u b lev e l s  o ccu r s .  This  broadening 

i s  a r e s u l t  o f  the  dynamic S ta rk  S h i f t  which can compensate f o r  

anharmonicity  e f f e c t s  o f  the  low-ly ing  l e v e l s .  The magnitude o f  t h i s
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s p l i t t i n g  f o r  a d ia tomic  molecule i s  given by1^

Av = (Be/2 ) ( y E / h v ) 2 , cm"1 (14)

where Be i s  the  r o t a t i o n a l  c o n s ta n t  in cm"1 , y i s  th e  t r a n s i t i o n

d ip o le  moment in Debye, E i s  th e  e l e c t r i c  f i e l d  s t r e n g t h ,  and v i s  th e

l a s e r  frequency .  This e f f e c t  can be q u i t e  l a rg e  f o r  molecules with

la rg e  d ipo le  moments and l a r g e  r o t a t i o n a l  c o n s t a n t s .

(2) Power Broadening. The m u l t i - l e v e l  power broadening

a r i s e s  because a t r a n s i t i o n  between o s c i l l a t o r  l e v e l s  occurs  in a time

which i s  s h o r t  compared to  the  t ime in which the  l a s e r  f i e l d  g e t s  ou t

o f  phase w i th  the  o s c i l l a t o r .  This e f f e c t  i s  determined by th e  Rabi 
17frequency , and the  detuning  o f  v -  vQ where v i s  th e  l a s e r  

frequency and vQ is  the  o s c i l l a t o r  frequency.  The Rabi frequency  i s  

def ined  as

VR = pEo^h ^15)

where EQ i s  the  t ime independent f i e l d  s t r e n g t h ,  y i s  the  t r a n s i t i o n  

d ipo le  moment, and h i s  P la n c k 's  c o n s ta n t .  E x c i t a t io n  o f  an o s c i l l a t o r  

i s  p ropo r t iona l  to  th e  square  o f  the  term, v D/ ( v - v „ ) .  T h e re fo re ,  i fK 0

th e  anharmonic i ty  o f  the  pumped modes i s  small compared to  the  Rabi 

frequency,  then high v ib r a t i o n a l  l e v e l s  can be popula ted  in s h o r t  

t imes .

We can now proceed with our d i s cu s s io n  of  th e  problem o f  m u l t i ­

photon photofragmenta tion o f  an i s o l a t e d  molecule on the  lowest  

e l e c t r o n i c  p o t e n t i a l  s u r f a c e .  In a polyatomic molecule ,  we can



d i s t i n g u i s h  t h r e e  energy reg ions  in  the  o rd e r  o f  i n c r e a s in g  energy.

Region I i s  the  low energy range where th e r e  i s  a sp a r se  leve l

d i s t r i b u t i o n .  In t h i s  r e g io n ,  th e  d e n s i t y  o f  background s t a t e s  i s

low so i n t r a s t a t e  scrambl ing o f  the  pumped v i b r a t i o n a l  s t a t e s  with

o th e r  s t a t e s  i s  t r i v i a l l y  sm al l .  In t h i s  coheren t  r e g io n ,  power

broadening e f f e c t s  w i l l  be o f  th e  most importance.  In reg ion  I I ,

t h e r e  i s  a mixing o f  s t a t e s  between th e  pumped s t a t e  and th e  dense
18background s t a t e s .  This reg ion  i s  known as th e  quasi  continuum and

can be pumped by incoheren t  e x c i t a t i o n .  The o nse t  o f  the  quasi  -

continuum w i l l  depend on the  d e n s i t y  o f  s t a t e s  a t  t h a t  energy l e v e l .

In t h i s  r e g io n ,  the  r a t e s  o f  i n t r a m o le c u la r  v ib r a t i o n a l  r e l a x a t i o n

and r e d i s t r i b u t i o n  r e l a t i v e  to  t h e  r a t e  o f  the  photof ragmenta t ion  process

a r e  impor tan t .  Region I I I  i s  th e  t r u e  continuum o f  l e v e l s  above the

d i s s o c i a t i o n  l i m i t .

Two models have been proposed to  ex p la in  the  e x c i t a t i o n  in  the
19coheren t  reg ion  (Region I ) .  The f i r s t  model i s  based on a combina­

t i o n  o f  the  e f f e c t ,  t r i p l e - v i b r a t i o n a l - r o t a t i o n a l  resonance o r  PQR 

t r a n s i t i o n s  with the  e f f e c t  o f  non-resonance a b so rp t io n  a t  th e  t r a n s i ­

t i o n s  in the  v i b r a t i o n a l  quasicontinuum o f  a polyatomic molecule .

The f i r s t  t h r e e  induced t r a n s i t i o n s  o f  a molecule can be in ex ac t  

resonance with the  f i e l d ,  the  frequency o f  which i s  tuned to  the  

Q branch ,  th e  t r a n s i t i o n  v = 1 -*■ v = 2. Despi te  v ib r a t i o n a l  

anharmonic i ty ,  t h i s  i s  achieved by compensation f o r  th e  anharmonic 

s h i f t  o f  the  t r a n s i t i o n  energy by a s h i f t  in  th e  o p p o s i te  d i r e c t i o n  

which r e s u l t s  from a change in th e  r o t a t i o n a l  s t a t e .  A f t e r  the  

molecule i s  e x c i t e d  to  v = 3, the  d e n s i t y  o f  the  l e v e l s  becomes high 

enough so as to  form a quasi  continuum reg ion .  In t h i s  r e g io n ,



e x c i t ed  molecules can d i r e c t l y  absorb enough photons,  i f  the  power 

i s  h igh ,  w i thou t  r e q u i r in g  a r e sonan t  f i e l d  to  reach  the  continuum 

d i s s o c i a t i o n  l i m i t .  S ince ,  in  th e  case o f  t r i p l e  resonance ,  high

i n t e n s i t i e s  a r e  not req u i red  to  e x c i t e  th e  l e v e l ,  v = 3 ,  th e  d i s s o c i a ­

t i o n  th re sh o ld  i n t e n s i t y  depends on th e  molecular  e x c i t a t i o n  in  the

quasicontinuum which demands high d e n s i t i e s  o f  l a s e r  pu lse  energy,
20The second model assumes t h a t  th e  molecule can be e x c i t ed  

from the  v ib r a t i o n a l  ground s t a t e  v ia  th e  anharmonic l a d d e r  where 

f i e l d  e f f e c t s  compensate f o r  anharmonic i ty .  Since anharmonic i ty  i s  

mos tly  overcome by the  Rabi. f requency ,  th e  power i n t e n s i t y  i,s more 

im por tant than power d e n s i ty  in t h i s  reg ion .  At v = 3 -4 ,  the  

v ib r a t i o n a l  d e n s i ty  o f  s t a t e s  i s  cons idered  to  be s u f f i c i e n t l y  l a r g e  

and the  v ib r a t i o n a l  energy w i l l  spread o u t  i n t o  a quasi  continuum of

hot bands. The spread o f  energy among the  v i b r a t i o n a l  modes in

Region I I  involves  a complete i n t r a s t a t e  v i b r a t i o n a l  i n t e r n a l  energy 

r e d i s t r i b u t i o n ,  which can be s p e c i f i e d  by an e f f e c t i v e  v ib r a t i o n a l  

tem pera tu re ,  T*. T* i s  subsequent ly  inc reased  by a sequence o f  one- 

photon abso rp t ion  p rocesses  u n t i l  the  p h o to d i s s o c i a t i o n  th re s h o ld  is  

reached.  The RRKM theory  o f  un imolecular  r e a c t io n  i s  then app l ied  

and th e  f a m i l i a r  Arrehenius  equat ion  provides  th e  q u a n t i t a t i v e  r a t e  

c a l c u l a t i o n  f o r  t h i s  unimolecular d i s s o c i a t i o n .  One o f  the  common 

f e a tu r e s  o f  both these  models i s  t h a t ,  a t  some in te rm e d ia te  energy 

range,  th e re  must be a s u f f i c i e n t  d e n s i ty  o f  energy l e v e l s  so as to  

ensure  t h a t  incoheren t  e x c i t a t i o n  can lead to  c o l l i s i o n l e s s  d i s s o c i ­

a t i o n  of  a polyatomic molecule.  T h e re fo re ,  i t  would seem u n l ik e ly  

t h a t  diatomic o r  p o s s ib ly  even t r i a t o m i c  molecules would be 

d i s s o c i a t e d  by in f r a r e d  l a s e r  ab so rp t io n .  We w i l l  r e tu r n  to  t h i s  

p o in t  l a t e r  in  our d i s cu s s io n .
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C. Laser  Induced D i e l e c t r i c  Breakdown

Unlike th e  energy t r a n s f e r  and mul t ipho ton  d i s s o c i a t i o n  p ro c e s s e s ,

a no the r  i n t e r a c t i o n  o f  COg l a s e r  r a d i a t i o n  w i th  molecules i s  observed

even when th e r e  i s  no resonan t  a b so r p t io n .  Th is  p rocess  o f  l a s e r

induced d i e l e c t r i c  breakdown (LIDB) can occur  when th e  l a s e r  r a d i a t i o n

I n t e r a c t s  with the  gas molecules  le ad in g  to  t h e  o n se t  o f  e l e c t r i c a l

c o n d u c t iv i ty  in  a normally non-conducting gas .  Laser  induced gas

breakdown is  always accompanied by th e  emission o f  in t e n se  l i g h t  l a s t i n g

longer  than the  l a s e r  p u lse .  The g e n e r a l ly  accepted  model f o r  the

mechanism of  CO l a s e r  induced breakdown i s  the  avalanche  breakdown 
2

21mechanism . This theory  presumes th e  e x i s t e n c e  o f  i n i t i a l  e l e c t r o n s

which a re  a c c e l e r a t e d  v ia  the  high e lec t ro m ag n e t ic  f i e l d  by inve rse  
22Bremsstrahlung u n t i l  they a cq u i r e  s u f f i c i e n t  energy to  i o n iz e  the

gas molecules .  The i n i t i a l  e l e c t r o n s  can be a v a i l a b l e  due to  e x te r n a l

so u rc e s ,  i . e . ,  e x o e l e c t ro n s ,  cosmic l i g h t ,  e t c .  I t  i s  a l s o  p o s s ib l e

t h a t  im p u r i t i e s  in the  gas sample can be photo ion ized  r e l a t i v e l y  e a s i l y

g iv ing  r i s e  to  th e se  i n i t i a l  e l e c t r o n s .

Since breakdown can occur w i thou t  matching the  l a s e r  frequency

with  the  v ib r a t i o n a l  frequency o f  th e  r e a c t a n t  m olecu le ,  th e  gas i s

e f f e c t i v e l y  t r a n s p a r e n t  to  the  l a s e r  l i g h t .  However, when a plasma

i s  fo rm ed , the  motion o f  the  e l e c t r o n s  and ions in s p e c i f i c  e l e c t r o s t a t i c

o s c i l l a t i o n  i s  c h a r a c t e r i z e d  by the  plasma frequency (Langmuir

f r equency ) ,  Vp. The equat ion  o f  motion which de f ines  the  f r equency ,

Vp, o f  t h e  e l e c t r o s t a t i c  o s c i l l a t i o n  o f  the  e l e c t r o n s  leads  to  th e  
22r e l a t i o n

2 2 v_ = 47re n /m p e e (16)
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V p f s e c '1) -  5 .65 x 104 [ne (cm"3 ) ] % (17)

where e ,  me> and ng a r e  charge ,  mass, and d e n s i t y  o f  e l e c t r o n  

r e s p e c t i v e l y .  From the  macroscopic th eory  o f  a p lasma, in  which th e  

plasma i s  considered  to  be composed o f  two continuous  f l u i d s ,  e l e c t r o n s ,  

and i o n s .  These a re  de sc r ibed  by t ime dependent fu n c t io n  o f  the  

d e n s i ty  n ( r , t ) ,  v e lo c i ty  v ( r , t ) ,  and tempera ture  T ( r , t )  in  the  presence

o f  a monochromatic f i e l d  and induced plasma c u r r e n t ,  t h e  complex

r e f r a c t i v e  index n i s  given by33

v2

fi2 ■ 1 -  <18>

Here v i s  th e  e lec t rom agne t ic  wave f requency ,  i s  th e  c o l l i s i o n

frequency between the  f l u i d s ,  and i i s  th e  imaginary u n i t .  For a

c o l l i s i o n l e s s  plasma (v = 0 ) ,  th e  r e f r a c t i v e  index van ishes  as th e
6

plasma f requency ,  vp , equals  t h e  l a s e r  f r equency ,  v .  The plasma i s

t r a n s p a r e n t  only  i f  v > v p ; o th e rw is e ,  th e  i n c i d e n t  e lec t ro m ag n e t ic

wave i s  t o t a l l y  r e f l e c t e d  by th e  plasma. The f requency ,  v = v p , i s

c a l l e d  th e  c r i t i c a l  frequency  which v ia  equa t ion  (16)

def ined  e l e c t r o n  d e n s i ty  o f  the  plasma, c a l l e d  the  c r i t i c a l  d e n s i t y .

Thus, a t  th e  c r i t i c a l  f requency ,  t o t a l  energy a b so rp t io n  o ccu r s .  For
19 3the  COg l a s e r  f requency, th e  c r i t i c a l  d e n s i t y  i s  10 e l e c t ro n s /c m  

accord ing to  equat ion  (17) .  The plasma d e n s i t y  behind t h e  i o n i z a t i o n  

f r o n t  i s  equal to  the  n e u t r a l  d e n s i ty  o f  th e  o r i g i n a l  gas .  Ex p e r i ­

mental evidence  has shown t h a t  t h i s  c r i t i c a l  p re s su re  i s  g e n e r a l ly

seve ra l  t imes l a r g e r  than th e  th re s h o ld  p re s su re  necessa ry  to  induce 

23breakdown .



On th e  b a s i s  o f  avalanche th e o ry ,  th e  power d e n s i t y  r e q u i r e d  f o r  
24breakdown i s  given as

2mQeCl v2 In (n /n_)
(P/A) = _ S _ J » ------------§ _ o i  (18 )

e \>6t

where: P = r a d i a t i o n  power (Watts)
2

A = area  (meter )
-31n«e * e l e c t r o n  mass (9.1 x 10 kg) 

e = f r e e  space p e r m i t t i v i t y  (8 .85  x 10“ ^  Coul^/ntm^)
O

c = speed o f  l i g h t  (3 x 10 m/sec)

Ip * i o n i z a t i o n  p o t e n t i a l  o f  gas ( J o u le s )  

v = r a d i a t i o n  f requency o f  the  f i e l d  ( sec - ^)
_ 3

ne = f i n a l  e l e c t r o n  d e n s i ty  (m )
-9e = e l e c t r o n i c  charge (1 .60  x 10 Coul)

ve * e lec t ro n -a to m  c o l l i s i o n  frequency  ( s e c - ^)

t  = d u ra t io n  o f  l a s e r  pu lse  (sec )

The th re s h o ld  power i s  v a r i a b l e  with d i f f e r e n t  gases a t  d i f f e r e n t

p r e s s u r e s .  For a gas a t  c o n s ta n t  p r e s s u r e ,  the  t h r e s h o ld  power i s

a f f e c t e d  by ex te rn a l  p r e i o n i z a t i o n .  In g e n e r a l ,  p r e i o n i z a t i o n  by the
24e l e c t r i c a l  d ischa rge  w i l l  reduce th e  th re s h o ld  l a s e r  power because 

th e  i n i t i a l  e l e c t r o n s  needed f o r  avalanche i o n i z a t i o n  were provided by 

the  i n j e c t i o n  o f  f r e e  e l e c t r o n s  i n to  the  focal volume.

Another i n t e r e s t i n g  p o in t  about l a s e r  induced plasma i s  t h a t  t h e r e  

e x i s t s  d i f f e r e n t  th re sh o ld  p res su res  f o r  d i f f e r e n t  m olecu lar  s p e c i e s .  

Threshold  p re s su re  c o n d i t io n s  a re  l inked  to  th e  molecu lar  p r o p e r t i e s  

o f  th e  gas ,  such as  p o l a r i z a b i l i t y ,  d ip o le  moment, and i o n i z a t i o n



25p o t e n t i a l  .

The most important f e a t u r e  o f  LIDB i s  t h a t  i t  al lows th e  l a s e r

chemist  to  d i s s o c i a t e  molecules  which have no re sonan t  a b so rp t io n .

However, t h i s  nonresonant p ro c e ss ,  which i s  n o n - s e l e c t i v e  in mode

e x c i t a t i o n ,  always y i e l d s  thermodynamically c o n t r o l l e d  p roduct  formation

In f a c t ,  in a lmos t a l l  c a s e s ,  the  f i n a l  products  from mult iphoton

d i s s o c i a t i o n  and from la se r - in d u c e d  d i e l e c t r i c  breakdown a re  the  
25same . I t  was with t h i s  in mind t h a t  we undertook the  s tudy  o f  both 

th e  mul.tiphoton d i s s o c i a t i o n  and l a s e r - in d u c e d  d i e l e c t r i c  breakdown o f  

OCS to  compare th e  energy co n ten t  o f  th e  products  o f  th e se  two p rocesses  

In both c a s e s ,  the  products  should be CO and S and, by s tudy ing  the  

energy co n ten t  o f  both th e  CO and S,  we hoped to  e l u c i d a t e  a g r e a t e r  

unders tanding  o f  both t h e se  p ro cesses .



Experimental

A schematic  diagram o f  th e  exper imental  appara tus  i s  shown in  

F igure  2. Two d i f f e r e n t  TEA CC^-Ng-He l a s e r s  were used in  the  

exper iments .  For t h e  energy t r a n s f e r  and d i e l e c t r i c  breakdown 

exper iments ,  a home-buil t  Rogowski-type TEA l a s e r ,  o s c i l l a t i n g  over 

many o f  t h e  r o t a t i o n a l - v i b r a t i o n a l  l i n e s  o f  th e  P and R branches  o f  

both th e  9 .6  u and 10.6 u COg l a s e r  bands was employed. For the  

energy t r a n s f e r  exper iments ,  the  l a s e r  was tuned to  the  P(22) 9 .6  

t r a n s i t i o n  to  co inc ide  with the  2 \> 2  v i b r a t i o n  o f  OCS. This l a s e r  l i n e  

had an average energy ou tpu t  o f  0 .3  to  2 .0  Jo u le s  pe r  second. A ty p ic a l  

o s c i l l o s c o p e  t r a c e  o f  one such pu lse  as measured by a HgCdTe (77 K) 

d e t e c t o r  i s  p resen ted  in Figure  3.  A copper m i r ro r  o f  10 m focal leng th  was 

used t o . c o l l i m a t e  th e  beam w i th in  t h e  g la s s  c e l l  used in th e  exper iments .

A g l a s s  c e l l  o f  45 cm-*fit ted with NaCl windows a t  e i t h e r  end and having 

a KBr window in the  c e n t e r  was used to  monitor th e  i n f r a r e d  f lu o re sc en c e .  

The gases  were Matheson re sea rch  grade with s t a t e d  p u r i t i e s  as 

OCS (97.5%), CO (99.5%), and Ar (99.995%). F u r th e r  p u r i t y  was 

achieved by repea ted  vacuum d i s t i l l a t i o n  o f  the  sample p r i o r  to  each 

measurement.

F luorescence  was d e tec te d  a t  r i g h t  ang les  to  the  beam a x i s  and 

was monitored as a fun c t io n  o f  t ime a f t e r  e x c i t a t i o n .  An InSb 

(S p ec t ro n ic s )  p h o to v o l ta ic  d e t e c t o r  cooled to  77 K and te rm ina ted  with 

a 50 Ohm load was used to  observe the  emission in the  5 p reg io n .  For 

very  weak s i g n a l s ,  an Advanced K ine t ic s  a m p l i f i e r  was used be fo re  the  

s igna l  was d isp layed  on an o s c i l l o s c o p e  (Tek tron ix  Model 7704A) and 

then photographed f o r  a n a l y s i s .  The response  t ime f o r  the  d e t e c t o r  

and a s s o c ia te d  e l e c t r o n i c s  was l e s s  than 1 ysec .
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At a given p r e s s u r e ,  th e  r a t e  o f  r i s e  or  f a l l  o f  t h e  f lu o re sc en c e  

s ig n a l  was obta ined  as 1 / t  from a p l o t  o f  emission i n t e n s i t y  versus  t ime 

d isp layed  on the  o s c i l l o s c o p e .  From an examinat ion o f  th e  formula o f  

an exponent ia l  curve.

y  = Ae"k t  (19)

where y  is  the  ampl itude  a t  any t im e ,  t ,  A the  maximum am pl i tude ,  and

k = 1/ t , th e  decay r a t e  c o n s t a n t ,  i t ' s  apparen t  t h a t  x i s  t h e  r e l a x a t i o n  t im e ,  

de f ined  as the  t ime ( t  = t )  r e q u i re d  f o r  the  s igna l  to  decay to  1/ e  o f  

i t s  i n i t i a l  va lue .  The u n c e r t a in t y  of  th e  c a l c u l a t e d  r a t e s  a r e  ±25%.

For th e  mult iphoton abso rp t io n  and mul tiphoton d i s s o c i a t i o n  

exper iments ,  a Lumonics TEA l a s e r  (model 203) was used. With a pu lse  

leng th  o f  300 nanoseconds FWHM and 700 nanoseconds t a i l , o u t p u t  o f  up to  

15 Jo u le s  was p o s s i b l e .  When N2 was removed from th e  gas m ix tu re ,  l a s e r  

en e rg ie s  o f  3 J in l e s s  than 100 ns were ob ta in ed .  The beam was then 

focused  i n t o . t h e  r e a c t io n  c e l l  using e i t h e r  a 5 in. foca l  l eng th  ZnSe 

len s  o r  a 10-inch foca l  length  Ge l e n s .  By measuring the  burn p a t t e r n  o f

th e  focused l a s e r ,  i t  was determined t h a t  the  foca l  p o in t  was l e s s  than 
2

0.01 cm in a re a .  At t h e  focal p o in t  t h e n ,  t h e  i n t e n s i t y  o f  t h e  l a s e r
2

i s  in  the  gigaWatt/cm range.

Since p a r t i c u l a t e s  o f  S a re  expected to  be the  f i n a l  p ro d u c t ,  the  

format ion o f  these  p a r t i c u l a t e s  were i n v e s t i g a t e d  by l i g h t - s c a t t e r i n g  

techn iques .  A He-Ne l a s e r  was d i r e c t e d  through the  r e a c t i o n  c e l l  

both  col i n e a r  and a t  r i g h t  ang les  to  th e  C02 l a s e r  beam. I f  p a r t i c l e s  

were formed, r e f l e c t e d  po in t s  should be observed due to  th e  s c a t t e r i n g  

o f  the  He-Ne beam by the  p a r t i c l e s .  These p o in t s  were looked f o r  both



by eye and by use o f  a p h o to m u l t i p l i e r  tube w i th  a 6328 A l a s e r  f i l t e r .  

F u r th e r  product a n a ly s i s  was c a r r i e d  ou t  using an in f r a r e d  s p e c t r o ­

photometer (Beckman IR-10) and a mass spec t rom ete r  (Varian CH-7). In 

a l l  exper iments ,  gas p re s su re  was monitored us ing  a cap ac i tan ce  

manometer mounted on the  c e l l .

V i s i b l e  spectrum o f  the  breakdown process  were recorded  using an 

RCA p h o to m u l t i p l i e r  (model 341034) coupled to  a g r a t i n g  monochromator 

(Spex Model 1215) with  a r e s o l u t i o n  o f  10 nm. Emission a t  wavelengths
O

s h o r t e r  than 3500 A was observed using an EMI phototube (model 9683QB). 

All  s i g n a l s  were d i sp layed  on an o s c i l l o s c o p e  (Textron ix  Model 7704) 

and were s igna l  averaged f o r  a minimum o f  10 s h o t s .



R esu l t s

A. Energy T r an s fe r

Figure  4 shows a p a r t i a l  v i b r a t i o n a l  energy leve l  diagram f o r  OCS.

The pumped leve l  i s  2v2 which i s  th e  over tone  o f  th e  bending mode. 

F luorescence  in the  4.65 -  5.15 y reg ion  was s tu d ie d  us ing an InSb 

d e t e c t o r  and a narrow bandpass f i l t e r .  This reg ion  c o n ta in s  both 

f lu o rescen ce  a t  4.94 y from th e  v 3 asymmetric s t r e t c h  and a t  4.812 y from 

the  4v2 l e v e l .  However, those  two s ig n a l s  could  not be reso lved  and 

th e  s t ro n g e r  v 3 f lu o re sc en c e  undoubtedly comprises most o f  the  s i g n a l .

The f lu o r sc e n ce  was s i g n i f i c a n t l y  absorbed (<\. 70%) by OCS placed in a 

f i l t e r  c e l l  between the  f lu o re sc en c e  c e l l  and the  InSb d e t e c t o r .  This 

r e s u l t  implies  t h a t ,  even under TEA l a s e r  e x c i t a t i o n ,  th e  f lu o r e s c en c e  

d e r iv e s  p r im a r i ly  from a t r a n s i t i o n  to  the  ground s t a t e .  A p l o t  o f  

both th e  a c t i v a t i o n  and d e a c t i v a t i o n  o f  versus  OCS p r e s s u r e  i s  given 

in  Figures  5 and 6 . The r a t e  c o n s ta n t  f o r  th e  a c t i v a t i o n ,  which i s  

t h e  s lope  o f  th e  l i n e  c a l c u l a t e d  by t h e  l e a s t - s q u a r e  method i s  

54 ±10 m sec"^ to r r~^ . For the  d e a c t i v a t i o n ,  th e  r a t e  c o n s ta n t  i s  

9 ±2 m s e c ' ^ t o r r ^ .

The r e s u l t s  given above a r e  f o r  unfocused TEA l a s e r  pumping. A 

s tudy o f  t r a n s f e r  r a t e s  was a l s o  done under focus ing  co n d i t io n s  by using 

a 10-inch foca l  leng th  Ge l e n s .  In t h i s  c a s e ,  we could expec t  to  

popula te  even h ighe r  v ib r a t i o n a l  l e v e l s  and th e  ex ac t  o r i g i n  o f  the  

f lu o rescen ce  i s  not p e r f e c t l y  c l e a r .  The r e s u l t s  o f  the  focused l a s e r  

pumping a re  given in F igures  7 and 8 f o r  both th e  r i s e  and f a l l  as a 

fun c t io n  o f  OCS p re s su re .  The va lues  o f  a l l  the  r a t e  c o n s ta n t s  

measured f o r  OCS i s  shown in Table 1.
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Table  1

Measured OCS Rate Constants

Process

Vg unfocused
a c t i v a t i o n

d e a c t i v a t i o n

C o l l i s io n  P a r tn e r

OCS
OCS

Rate Constants  
(msec~^« t o r r " ^ )

54 ±10 
9 ±2

Vg focused 

a c t i v a t i o n  

d e a c t iv a t io n
OCS
OCS

23.4  ±3 
7 .8  ±2



I n f r a r e d  f lu o rescen ce  was a l s o  observed using unfocused e x c i t a t i o n  

a t  h ig h e r  p re s su re s  o f  OCS (5 -  20 t o r r ) .  I t  was found t h a t  a second 

s ig n a l  appeared approximate ly  100 ysec a f t e r  th e  Vg f lu o r e s c en c e  and 

had a r i s e t i m e  o f  ^ 80 ysec a t  13 t o r r  and a very  long decay t ime 

(> 1 ms) a t  t h a t  p r e s su re .  The de lay  t ime between th e  Vg f lu o rescen ce  

and t h e  second s igna l  was decreased with in c r e a s in g  f lu e n c e  and a l s o ,  

upon a d d i t i o n  o f  Ar .  This  f lu o rescen ce  o r i g i n a t e s  from e i t h e r  the  

+ 2vg o r  2v-| + Vg combination bands o f  OCS (F igure  4 ) .

B. Multiphoton Absorption

Two d i f f e r e n t  TEA l a s e r s  were used to  t r y  to  d i s s o c i a t e  OCS. The 

f i r s t  l a s e r  d e l iv e re d  2 J  o f  energy in 1 ysec and then was focused  

by using  e i t h e r  a 5 o r  10 inch foca l  leng th  l e n s .  The second l a s e r  

d e l iv e r e d  up to  15 Jo u le s  in 1 ysec o r  3 Jo u le s  in l e s s  than 100 nsec .

In a l l  exper iments ,  th e  OCS p re s su re  was v a r i e d  between 0.1 and 3.0 

t o r r .  I n f r a r e d  s p e c t r a  were taken both be fore  and a f t e r  i r r a d i a t i o n  

with up to  5,000 p u l s e s .  There was no d i s c e r n i b l e  change in  the  

spectrum from before  to  a f t e r  e x c i t a t i o n .  To see  i f  only very small 

amounts o f  OCS were d i s s o c i a t e d ,  two c e l l s  were s im ul taneous ly  f i l l e d  

with 1 t o r r  o f  carbonyl s u l f i d e .  One c e l l  was used as a s tanda rd  while  

the  o t h e r  was pumped by the  l a s e r  f o r  45 minutes (2500 p u l s e s ) .  A 

q u a n t i t a t i v e  s p e c t r a l  a n a ly s i s  was then done by comparing the  s i g n a l s  

a t  masses 60,  48,  34, 32, and 28 corresponding  to  the  masses o f  OCS,

SO, 34S, 32S, and C O ,re spec t ive ly ,  between the  two samples.  Again 

t h e r e  was no change in  the  i n t e n s i t y  o f  the  mass spectrum showing t h a t  

no d i s s o c i a t i o n  took p la c e .  The p o s s i b i l i t y  remained t h a t  small 

amounts o f  OCS d i s s o c i a t e d  to  CO and S and then the  back r e a c t i o n  o f



S + CO OCS took p lace  showing no change in  e i t h e r  the  i n f r a r e d  o r

mass spectrum a f t e r  i r r a d i a t i o n .  To ensure  t h a t  t h i s  was not the

c a s e , i n  s i t u  measurements o f  s u l f u r  p a r t i c u l a t e s  was done. A He-Ne

l a s e r  was s e t - u p  coli .near to  the  CÔ  l a s e r  l i g h t  with a p h o to m u l t i p l i e r
0

tube with a l a s e r  f i l t e r  (6328 A) monitor ing th e  He-Ne l a s e r .  Any 

formation o f  p a r t i c u l a t e s  should be s c a t t e r e d  by th e  He-Ne l a s e r  g iv ing  

r i s e  to  a dip  in the  p h o to m u l t i p l i e r  s i g n a l .  Again,  noth ing was observed.  

To t e s t  f o r  th e  p o s s i b i l i t y  o f  the  s u l f u r  coming o f f  as e x c i t e d  S2 

r a d i c a l s  and not p a r t i c u l a t e s ,  a p h o to m u l t i p l i e r  was used to  look f o r
O

the  well-known t r a n s i t i o n  o f  S2 a t  3400 A. Once a g a in ,  no p roduc t  was 

seen. Other experiments were a l s o  done by p lac ing  the  OCS sample in 

an oven and hea t ing  up to  150°C. This was done in  o rd e r  to  popula te  

th e  upper l e v e l s  o f  OCS and then use the  C02 l a s e r  a t  s l i g h t l y  o f f -  

resonance l i n e s  to  d i s s o c i a t e  th e  molecules .  In a l l  c a s e s ,  no 

d i s s o c i a t i o n  was observed by a l l  methods o f  d e t e c t i o n .  In f a c t ,  

the  only t ime any d i s s o c i a t i o n  was observed was when t h e  beam was 

purposely bounced o f f  the  g la s s  wall  o f  th e  c e l l s  to  form p a r t i c l e s  

and, in  e f f e c t ,  f a c i l i t a t e  d i e l e c t r i c  breakdown. A l a s t  exper iment was 

done to  check f o r  th e  p o s s ib le  d i s s o c i a t i o n  o f  OCS. I t  i s  well  known 

t h a t  th e  r a d i a t i v e  l i f e t i m e  o f  v i b r a t i o n a l l y  e x c i t e d  CO i s  exceedingly  

long. In o rde r  to  see i f  we d id  form v i b r a t i o n a l l y  e x c i t ed  CO, an 

InSb d e t e c t o r  was used to  view th e  v i b r a t i o n a l  f lu o rescen ce  under the  

very high e x c i t a t i o n  c o n d i t i o n s .  The only f lu o re sc en c e  noted was t h a t  

which was due to  t h e  OCS energy t r a n s f e r  d iscussed  in  the  previous  

s e c t io n .  No f luo rescence  d e tec te d  could be a t t r i b u t e d  to  CO emiss ion .

We f i n a l l y  concluded t h a t ,  even under the  high f luence  cond i t ions
o

used (> 100 J/cm ) ,  th e  t r i a t o m i c  molecule OCS does no t  d i s s o c i a t e .



C. D ie ! e e t r i  c Breakdown
O

E a r l i e r  experiments have determined t h a t  t h e  t h r e s h o ld  f o r  

d i s s o c i a t i n g  OCS v ia  d i e l e c t r i c  breakdown i s  20 t o r r  us ing a 2 Jou le  

COg l a s e r  p u l s e .  Fur thermore ,  the  products  were C0(g) and p a r t i c u l a t e s  

o f  s u l f u r .  Our s tudy focused on s tudy ing  th e  emission spectrum 

accompanying th e  d i e l e c t r i c  breakdown o f  OCS.

In o r d e r  to  d i s c r im in a t e  between continuous emission which 

accompanies the  plasma s t a t e  and th e  d i s c r e t e  atomic and molecular  

emission which a r i s e  from the  molecule o f  i n t e r e s t ,  emission spectrum 

o f  t h e  d i e l e c t r i c  breakdown o f  va r ious  r a r e  gases was a l s o  s t u d i e d .  

V i s ib le  s p e c t r a  were observed us ing  an o p t i c a l  mult ichannel a n a ly z e r  

which allowed f o r  s i n g l e - s h o t  scanning o f  the  e n t i r e  emission spectrum 

and a l s o  by us ing a monchromator with  a phototube  so t h a t  the  t ime 

dependence o f  ind iv id u a l  s p ec ie s  could be s tu d i e d .

Figure  9 shows the  l a s e r  induced d i e l e c t r i c  breakdown spectrum 

(LIDBS) o f  300 t o r r  o f  He with a one J o u le  l a s e r  p u ls e .  Figure  10 

shows the  LIDBS spectrum f o r  225 t o r r  o f  Ar and Figure  11 i s  th e

spectrum of  100 t o r r  o f  OCS. Each o f  t h e se  s p e c t r a  were ob ta ined

by us ing the  monochromator and photo tube .

The i d e n t i f i c a t i o n  o f  the  major peaks in  th e  spectrum was 

accomplished by matching the  wavelength a g a i n s t  a l l  known l i n e s  f o r

the  spec ie s  and s t a t e s  which might be p r e s e n t  v ia  a computer program

developed by Langsam .

In the  case  o f  t h e  He, th e  peaks a t  450 nm and 590 nm a r i s e  from
3 3 27a He sp ec ie s  invo lv ing  a D -+ P t r a n s i t i o n  . The longe r  wavelength

t r a n s i t i o n ,  which i s  more i n t e n s e ,  invo lves  a I s 2 p - l s 3 d  t r a n s i t i o n

a r r a y  and t h e  s h o r t e r  wavelength peak i s  th e  nex t  t r a n s i t i o n  in  t h i s
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s e r i e s  which corresponds  to  the  I s 2 p - l s 4 d  a r r a y .  Roth o f  t h e s e  s p e c i e s  

a r e  r e l a t i v e l y  l o n g - l i v e d  (> 20 ys) as compared t o  t h e  470 nm

em iss ion  which invo lves  a H e l l . s p e c i e s  and i s  ve ry  s h o r t - l i v e d  (> 2 y s ) .

The LIDBS o f  Ar i s  more i n t e n s e  than  He and a l s o  shows i t s  

g r e a t e s t  i n t e n s i t y  a t  th e  s h o r t e r  end o f  t h e  v i s i b l e  spectrum. Spec ies  

Invo lv ing  t r a n s i t i o n  from both Ar I and Ar I I  have been i d e n t i f i e d .

The OCS spectrum e x h i b i t s  t h r e e  major  peaks which have been 

i d e n t i f i e d .  The peak a t  430 nm invo lves  a CO t r a n s i t i o n ,  t h e  peak a t  

510 mn i s  a Cg t r a n s i t i o n  and ,  a t  550 nm, 1,t i s  a S I I  s p e c i e s  which i s  

e m i t t i n g .  Within exper imenta l  e r r o r ,  a l l  th e  s p e c i e s  were found to  

o c cu r  approx imate ly  50 nsec a f t e r  th e  l a s e r  p u l s e .  The decay t imes o f  

th e  sp ec ie s  were s l i g h t l y  d i f f e r e n t  with  t h e  S I I  emiss ion  be ing  th e  

f a s t e s t  (n- 1 .8  ysec) o f  t h e  t h r e e .

In  o rd e r  t o  o b ta in  a g r e a t e r  u n d e rs tan d in g  o f  t h e  mechanism o f

d i e l e c t r i c  breakdown,experiments  were done to  t r y  and d i f f e r e n t i a t e  

between a shock-wave mechanism and a p h o t o d i s s o c i a t i o n  mechanism. 

Mixtures  o f  OCS with  He (.3% and 1%) were pho to lyzed  and t h e i r  LIDBS 

was taken .  By moni tor ing  th e  l i n e s  a t  430 nm, 510 nm, and 550 nm, we 

t r i e d  t o  a s c e r t a i n  whether  t h e  OCS, which we d i s s o c i a t e d ,  as evidenced 

by t h e  fo rm at ion  o f  p a r t i c u l a t e s  d e t e c t e d  by a He-Ne l a s e r ,  a l s o  

e m i t t e d .  In t h e  case  of  t h e  .3% m ix tu r e ,  th e  spectrum o b ta in e d  w i th  

th e  photo tube  was i d e n t i c a l  to  t h e  LIDBS o f  pure He. In t h e  1%  

m ix tu r e ,  th e  i n t e n s i t y  o f  th e  450 nm peak o f  He was more i n t e n s e  than 

th e  470 nm peak which may i n d i c a t e  some c o n t r i b u t i o n  from th e  CO 

em iss ion .  However, due to  th e  cont inuous  e m is s io n ,  i t  was no t  p o s s i b l e  

t o  c o n c lu s iv e ly  say t h a t  t h e  OCS was indeed e m i t t i n g .  S i m i l a r  

exper im ents  done w i th  m ix tu res  o f  OCS and Ar were a l s o  i n c o n c l u s i v e .



4 1 .

In  a n o th e r  ex p er im en t ,  two s e p a r a t e  c e l l s  s e p a r a t e d  by a q u a r t z  

window were f i l l e d  with.  200 t o r r  o f  Ar and 15 t o r r  o f  OCS r e s p e c t i v e l y .

A l a s e r  p u ls e  was passed through the  c e l l  c o n ta in in g  Ar which was 

p e r p e n d ic u l a r  t o  th e  c e l l  c o n ta in in g  OCS and t h e  d i s s o c i a t i o n  o f  OCS 

was moni tored  u s ing  a He-Ne l a s e r .  A f t e r  twenty  minutes  (1 ,000  p u l s e s ) ,  

p a r t i c u l a t e s  were found in  th e  c e l l  c o n ta i n in g  OCS. A s i m i l a r  

exper im ent was done us ing  He and OCS and ,  in  t h i s  c a s e ,  no p a r t i c u l a t e s  

were found even a f t e r  2,000 p u l s e s .  In f a c t ,  t h i s  type  o f  b e h av io r  i s  

t o  be expec ted .  In t h e  case  o f  A r ,  i t s  LIDBS shows i n t e n s e  l i n e s  

s h i f t e d  to  th e  b lue  as compared to  He. Fur therm ore ,  th e  spectrum o f  Ar 

in  t h e  u l t r a v i o l e t  p o r t i o n  o f  th e  e l e c t r o m a g n e t i c  spec trum i s  more
28i n t e n s e  than t h a t  o f  He. The d i s s o c i a t i o n  energy o f  0C-S i s  3 .7  eV

O
which corresponds  t o  3300 A. T h e r e f o r e ,  t h e  breakdown plasma o f  Ar i s  

a b l e  t o  p h o t o d i s s o c i a t e  OCS m o lecu le s ,  w h i le  th e  breakdown plasma o f  

He which i s  not as i n t e n s e  in  t h e  b lue  can only d i s s o c i a t e  OCS v i a  a 

shock-wave mechanism.

i



D iscuss ion

A. Energy T r a n s f e r

There has been some d isagreem ent  ove r  t h e  v i b r a t i o n a l  energy
p q  -an

t r a n s f e r  mechanisms in  OCS * . In a p a r t i c u l a r  wavelength  r e g i o n ,

t h e  i n t e n s i t y  o f  f lu o r e s c e n c e  r e p r e s e n t s  t h e  p o p u la t io n  o f  molecu les  in  

t h e  v i b r a t i o n a l  energy l e v e l s  w i th in  t h i s  r e g io n  so the  r a t e s  o f  

a c t i v a t i o n  and d e a c t i v a t i o n  o f  t h e  f lu o r e s c e n c e  correspond  to  t h e  r a t e  

o f  c o l l i s i o n a l  energy t r a n s f e r  i n t o  and ou t  o f  th e  l e v e l s ,  r e s p e c t i v e l y .  

Comparison o f  F igure  4 to  t h e  l a s e r  energy used i d e n t i f i e s  t h e  

laser-pumped t r a n s i t i o n  as t h e  bending mode o v e r t o n e ,  0 -+ 2vg. This  

energy i s  then d i s t r i b u t e d  among a l l  o t h e r  v i b r a t i o n a l  modes by means 

o f  V-V energy t r a n s f e r .  The very  f a s t  "up t h e  l a d d e r "  t r a n s f e r  w i th in  

t h e  Vg manifold  may be d e s c r ib e d  by th e  r e a c t i o n s

0CS(2v2 ) + 0CS(v2 ) 5  0CS(3v2) + OCS(O) + 2aE (20)

0CS(3v2 ) + 0CS(v2) t  0CS(4v2) + 0CS(0) + 3aE (21)

where aE i s  a small anharm onic i ty  d e f e c t .  A f t e r  t h e  v2 mode i s  pumped 

by th e  l a s e r  p u l s e ,  c o l l i s i o n  can be expec ted  to  r e - e s t a b l i s h  v i b r a t i o n a l  

e q u i l i b r i u m  by p ro cesses  such as

0CS(2v2 ) + OCS(O) $ OCS(O) + 0CS(v ) + 188 cm"1 (22)

0CS(2v2) + 0CS(v1 ) $ OCSfv-, + 2\>2 ) + OCS(O) + 14 cm' 1 (23)

0CS(v] + 2v 2 ) + OCS(O) ^  OCS(O) + 0CS(y3 ) -  170 cm"1 (24)



0CS(4v2 ) + OCS(.O) $  OCS(O) + 0CS(%>3) + 43 cm"1 (25)

Ev en tua l ly  th e  excess  v i b r a t i o n a l  energy i s  con v e r ted  i n t o  

t r a n s l a t i o n a l  and r o t a t i o n a l  energy by V-T/R p ro c e sse s  such as

o c s t v , )  + M S  OCS(O) + H + &E(= E( ) (26)

where M can r e p r e s e n t  an OCS molecule  in  any s t a t e  o r  a molecule  o f  a 

d i f f e r e n t  s p e c i e s .  The energy d e f i c i t  he re  i s  equal t o  t h e  energy  o f  

t h e  s t a t e  undergoing d e a c t i v a t i o n .

In  our  d i s c u s s i o n ,  we w i l l  be i n t e r e s t e d  in  t h e  r i s e  o f  f l u o r e s c e n c e  

a t  4 . 8  y which may d e r iv e  from a combination o f  mechanisms which would 

f i l l  t h e  l e v e l .  For any mechanism, t h e r e  a re  u s u a l l y  two c r i t e r i a  

t h a t  a r e  given prime c o n s i d e r a t i o n .  The f i r s t  o f  t h e s e  i s  the  s i z e  o f  

t h e  energy d e f i c i t ,  aE. As d e sc r ib e d  in  th e  t h e o r e t i c a l  s e c t i o n ,  t h e  

p r o b a b i l i t y  o f  energy t r a n s f e r  d ec rea se s  s t r o n g l y  w i th  i n c r e a s i n g  

energy gap. Based on t h i s ,  a mechanism which may be expec ted  to  

c o n t r i b u t e  t o  th e  4 .8  y f lu o r e s c e n c e  r i s e  would be r a p i d  p o p u la t io n  

i n c r e a s e  o f  4v2 v ia  r e a c t i o n s  (20) and (21) fo l lowed by th e  in te rmode 

c ro s so v e r  from 4v2 to  v3 [ r e a c t i o n  ( 2 5 ) ] .  This  r e a c t i o n  i s  e n e r ­

g e t i c a l l y  f a v o ra b le  s in c e  aE i s  43 c n f^ .  However, t h e  o t h e r  im p o r tan t  

c r i t e r i a  in  d e s c r ib in g  th e  mechanism i s  th e  magnitude o f  th e  b re a th in g  

sphere  paramete r  f o r  th e  normal modes in v o lv ed .  These pa ram ete rs  

f u n c t io n  as m a t r ix  elements  in  th e  e x p re s s io n  f o r  energy  t r a n s f e r

p r o b a b i l i t y  in  modif ied  SSH th e o ry .  For OCS, t h e  va lues  f o r  th e
31 2 2 2normal modes a re  <A^> = 0 .020 ,  <A2> = 0.0066 and <A3> = 0.0091 a l l  in

amu” ^. The r e s u l t s  o f  b r e a th in g  sphere  theo ry  p r e d i c t  t h a t  th e



p r o b a b i l i t y  f o r  a t r a n s i t i o n  d ec rea se s  d r a s t i c a l l y  as  t h e  number o f
12 32v i b r a t i o n a l  quanta  exchanged in t h e  t r a n s i t i o n  in c r e a s e s  * .

T h e r e f o r e ,  f i l l i n g  o f  Vg by 4v2 wb’ c*1 i nv° l ves s im ul taneous

change o f  one v i b r a t i o n a l  quantum by one mode (vg) and f o u r  quan ta

by a n o th e r  mode (v^) might be expec ted  t o  be improbable .  T h e r e f o r e ,

i t  seems as  though the  OCS system o f f e r s  a c o n s id e r a b l e  t h e o r e t i c a l

c h a l l en g e  to  th e  usual energy  t r a n s f e r  t h e o r i e s .

In o r d e r  to  e x p la in  t h e s e  d i s c r e p a n c i e s  between th eo ry  and

^ex p e r im en ts ,  one must look more c l o s e l y  a t  t h e  OCS system. The 4v2
33and Vg s t a t e s  a r e  known to  be s l i g h t l y  mixed by Fermi resonance  .

Th is  mixing le ad s  to  a small f i r s t  o r d e r  harmonic o s c i l l a t o r  m a t r ix

element between 4vg and th e  ground s t a t e .  T h e r e f o r e ,  r e a c t i o n  (.25)

may be thou g h t  o f  as  a c o l l i s i o n  which induces  a t r a n s i t i o n  from a

s t a t e  with  a small amount o f  Vg c h a r a c t e r  (4v2) to  a s t a t e  w i th  a l a r g e

amount o f  \>g c h a r a c t e r  (0 0 °1 ) .  Moreover,  t h e  bending modes o f  OCS

e x h i b i t  an ex tremely  l a r g e  e l e c t r i c a l  a n h a r m o n i c i t y ^ .  This leads  to

t h e  f a c t  t h a t  t h e  0 4\>2 t r a n s i t i o n  has been d i r e c t l y  observed in
35a b so r p t io n  and the  d e r i v a t i v e  o f  th e  d i p o l e  moment o f  t h i s  band has 

been measured to  be 2 %  as l a r g e  a s  t h a t  o f  t h e  0 Vg t r a n s i t i o n ^ 6 . 

According to  SSH th e o r y ,  the  energy t r a n s f e r  p r o b a b i l i t y  i s  g iven  by 

1 equa t ion  (1) and (4) o f  th e  t h e o r e t i c a l  s e c t i o n .  Using pure harmonic 

-fo s c i l l a t o r  OCS s t a t e  f o r  t h e  i n t e r a c t i o n  p o t e n t i a l  and th e  b r e a th in g  

sphere  pa ram ete rs  mentioned e a r l i e r ,  t h e  p r o b a b i l i t y  o f  f i l l i n g  \>g v ia  

4v2 i s  e i g h t  o rd e r s  o f  magnitude too s m a l l .  However, a more a c c u r a t e  

computa tion o f  th e  i n t e r a c t i o n  p o t e n t i a l  in c lu d e s  t h e  mixing o f  t h e  OCS 

l e v e l s  by mechanical  a n h a r m o n ic i t i e s .  The l e v e l s ,  4v2 and \>g, mix w i th  

nearby l e v e l s  by Fermi resonances  and h ig h e r  o rd e r  mixing terms where



45.

Y00o-| = 0.997 jOO°l> + 0 .084 |02°0> + 0 .002110°0>

YQ4e0 = 0 .948 |04°0> + 0 . 2 6 9 )12°0> + 0 .028 |20°0>

-  0 .167J02°1> -  0 .022 )10°1> + 0.010|00°2>.

31Using t h i s  i n t e r a c t i o n  p o t e n t i a l ,  Flynn and co-workers  have shown t h a t  

t h e  p r o b a b i l i t y  i s  only  one o r d e r  o f  magnitude lower than t h e  e x p e r i ­

m en ta l ly  dete rmined v a lue .

The r e s u l t s  o f  th e  focused  TEA l a s e r  e x c i t a t i o n  i s  a l s o  c o n s i s t e n t  

w i th  th e  above e x p la n a t io n .  When th e  beam i s  fo c u sed , fe w e r  molecules  

a r e  a c t u a l l y  e x c i t e d  which e x p la i n s  why th e  i n t e n s i t y  o f  th e  

f l u o r e s c e n c e  i s  weaker than in  th e  unfocused c a s e .  Fur thermore ,  s i n c e  

molecules  a r e  pumped to  even h ig h e r  s t a t e s ,  th e  r i s e t i m e  f o r  th e  

mode i s  expec ted  to  be s low er  in  t h e  focused  c a s e .  Indeed ,  o u r :  

r e s u l t s  show a r i s e t i m e  o f  23 .4  m s e c 'H o r r " ^  under  focused  c o n d i t io n s  

as  opposed to  53 .4  msec“^ t o r r ' ^  f o r  t h e  unfocused case  (Table  1 ) .

In c o n c lu s io n ,  ou r  energy t r a n s f e r  r e s u l t s  o f  OCS a r e  c o n s i s t e n t  

w i th  th o se  observed  by o t h e r  methods. There does no t  seem to  be any 

s p e c i a l  c o n s i d e r a t i o n  in  terms o f  t h e  t r a n s f e r  o f  energy under TEA 

l a s e r  c o n d i t i o n s  t h a t  may he lp  to  e x p la in  why t h i s  molecule  would no t  

d i s s o c i a t e  under high i n t e n s i t y  l a s e r  e x c i t a t i o n .  With t h i s  in  mind, 

we now t u r n  to  our d i s c u s s io n  o f  th e  r e s u l t s  o f  th e  m u l t i p l e  photon

e x c i t a t i o n  o f  OCS under  c o l l i s i o n l e s s  c o n d i t i o n s .
«

B. MPD

Before  we proceed to  ou r  d i s c u s s i o n  o f  t h e  l a ck  o f  m u l t i p l e  photon 

d i s s o c i a t i o n  o f  OCS, we must t ak e  a c a r e f u l  look a t  t h e  m o lecu la r  

p r o p e r t i e s  t h a t  may i n f l u e n c e  th e  a b so r p t io n  and d i s s o c i a t i o n  p r o c e s s e s .



These p r o p e r t i e s  inc lude  the  energy o f  a c t i v a t i o n  f o r  t h e  r e a c t i o n ,  t h e  

in format ion  necessary  to  e s t im a te  th e  d e n s i ty  o f  v i b r a t i o n a l  s t a t e s ,  and 

t h e  low i n t e n s i t y  abso rp t ion  c r o s s - s e c t i o n .  The l a s t  p roper ty  in  f a c t  

depends on th e  l a s e r  frequency and i s ,  t h e r e f o r e ,  no t  a molecular  

p ro p e r ty .

Maqy r e s ea rc h e r s  b e l i e v e  t h a t  th e  d e n s i t y  o f  v i b r a t i o n a l  s t a t e s  

has a g r e a t e r  e f f e c t  on th e  m u l t ip l e - p h o to n -a b so rp t io n  p rocess  than 

most o th e r  molecular  p r o p e r t i e s .  As d iscussed  e a r l i e r ,  the  d e n s i t y  of
07

v ib r a t i o n a l  s t a t e s  d e f in e s  th e  quasi  continuum reg ion  , de termines 

t h e  unimolecular  r e a c t io n  r a t e  in  RRKM and o t h e r  t h e o r i e s 5 , and
OO

dominates the  th eory  o f  intermode energy flow .

An e x ac t  computation o f  th e  d e n s i t y  o f  s t a t e s  fu n c t io n  f o r  a given 

molecule r e q u i r e s  a l a r g e  amount o f  s p e c t ro s c o p ic  d a t a ,  such as 

fundamental v ib r a t i o n a l  f r e q u e n c i e s ,  anharmonic i ty  c o n s t a n t s ,  and Fermi- 

resonance paramete rs .  However, very  o f t e n ,  much o f  t h i s  da ta  i s  

u n a v a i l ab le .

Approximation methods, such as th e  Whitten  Rabinovitch method5 , 

a re  u s u a l ly  used by the  l a s e r  chemist .  This method g ives

N(E ) = (Ey - l  ------- [1 -  0 ^ ^ -  ]  (27)
v ( S - O l ^ h v .  dE

f o r  t h e  d e n s i ty  o f  v ib r a t i o n a l  s t a t e s ,  N(Ey ) ,  a t  v ib r a t i o n a l  energy ,

Ey , above the  ground v ib ra t io n a l  s t a t e .  The q u a n t i t y ,  E2 , i s  th e  ze ro -  

p o in t  v ib r a t i o n a l  energy ,  S i s  th e  number o f  v i b r a t i o n a l  degrees o f  

freedom, and the  v.  a re  the  s e t  o f  fundamental v i b r a t i o n a l  f r eq u e n c ie s .  

The f a c t o r ,  a ,  i s
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a = 1 -  ew(E') (.28)

where g = . ^ 2 1  ( 2 9 )
a <v>2

and th e  empir ica l  fun c t io n  w(E') i s

w(E ')  = (5 .00 E' + 2.75 E '0 *5 + 3 .5 1 ) _1(0.1<E '<1.0)

w(E')  = exp (-2.4191 E '0 ,2 5 ) (E ‘>1.0) (30)

and E' = Ey/E z . (31)

This  approximation method r e q u i r e s  f o u r  parameters  f o r  each 

s p e c ie s :  t h e  a r i t h e m e t i c  mean o f  the  fundamental v ib r a t i o n a l

f r e q u e n c i e s ,  th e  geometrical  mean o f  the  fundamental  v ib r a t i o n a l  

f r e q u e n c i e s ,  v,  the  number o f  v ib r a t i o n a l  degrees  o f  freedom, S,  and 

th e  frequency  spread pa rameter ,  p. Equation (27) then becomes

" < E '> *  2 <̂ i h -<v>*a )  - [ 1  -  <3 Z >

Another molecular p rope r ty  t h a t  most c e r t a i n l y  plays  a major  ro l e  

in  de termining  the  p r o b a b i l i t y  o f  r e a c t io n  f o r  a given l a s e r  energy 

f lu e n c e  i s  t h e  energy req u i red  to  promote th e  r e a c t i o n .  For a simple  

d i s s o c i a t i o n  r e a c t i o n ,  such as d i s s o c i a t i o n  o f  OCS to  CO and S,  t h a t  

energy i s  very near ly  th e  bond s t r e n g t h  f o r  th e  observed r e a c t i o n .

For more complex r e a c t i o n s ,  such as e l im in a t io n  o f  a d ia tomic  molecule 

from an e thane  d e r i v a t i v e ,  the  a c t i v a t i o n  energy may exceed th e



t h e  en tha lpy  change f o r  th e  r e a c t i o n  by a s u b s t a n t i a l  amount.

Table  2 l i s t s  th e  q u a n t i t i e s  necessa ry  t o  c a l c u l a t e  t h e  y ib r a t i o n a l

d e n s i t y  o f  s t a t e s  fu n c t io n  from th e  Whit ten-Rabinovi tch  method f o r  OCS

which does no t  undergo d i s s o c i a t i o n ,  and f o r  SFg and BC13 which a re
2 35known to  d i s s o c i a t e  v i a  MPD ’ , The t a b l e  a l s o  l i s t s  th e  d e n s i t y  o f

v i b r a t i o n a l  s t a t e s  a t  Ev = 10500 cm"1 ("  11 C02 photons) and a c t i v a t i o n  

energy f o r  each of  the  molecules .  We can see  t h a t  the  d e n s i t y  o f  

v i b r a t i o n a l  s t a t e s  depend very s t r o n g l y  on the  number o f  atoms in  the  

molecule o r  on the  number of  v i b r a t i o n a l  degrees  o f  freedom.

A s h o r t  review o f  th e  general  phys ica l  p i c t u r e  f o r  MPD i s  now in 

o rd e r .  As desc r ibed  e a r l i e r ,  the  e x c i t a t i o n  can be d iv ided  i n t o  a r eg ion  

where th e  molecular  energy s t a t e s  a r e  d i s c r e t e  and to  a second reg ion  

where th e  s t a t e s  a re  in a quasicontinuum.  The o n se t  o f  reg ion  I I  i s  

e s s e n t i a l l y  determined by the  s i z e  o f  t h e  m olecu le ,  i . e . ,  the  number 

o f  atoms, as well  as by th e  excess  v i b r a t i o n a l  energy. Obviously ,  f o r  

a dia tomic  m olecu le ,  reg ion  I I  does no t  e x i s t .  For t r i a t o m i c s ,  i t  i s  

an open q u e s t io n  whether  reg ion  I I  e x i s t s  a t  a l l  and , in  any c a se ,  

reg ion  I w i l l  con ta in  a l a rg e  number o f  l e v e l s ,  and th e  p r o p e r t i e s  o f  

t h i s  reg ion  w i l l  dominate th e  c h a r a c t e r i s t i c s  o f  t h e  mult iphoton  

e x c i t a t i o n  p rocess .  In o rd e r  to  e x c i t e  t h e  molecule  over th e  d i s c r e t e  

S t a t e s  with high p r o b a b i l i t y ,  th e  i n f r a r e d  l a s e r  f i e l d  must be 

s u f f i c i e n t l y  in te n s e  and near  the  resonance o f  a v ib r a t i o n a l  mode.

The near - resonance  cond i t ion  im pl ies  t h a t  t h i s  e x c i t a t i o n  s t e p  can be 

i s o t o p i c a l l y  s e l e c t i v e  as long as  t h e  i s o to p e  s h i f t  i s  comparable t o  

th e  abso rp t io n  bandwidth.  Ro ta t iona l  energy compensation o f  v ib r a t i o n a l  

anharmonic i ty  in  the  f i r s t  few t r a n s i t i o n s  i s  e f f e c t i v e  in  b r ing ing  the  

e x c i t a t i o n  c lo se  t o  resonance.  P e r f e c t  matching o f  the  l a s e r  frequency



Table 2

Species E_{kcal)a <v> £ N(10500) Refa

OCS 7 3 . 3 1,149 976 0.89 8 .02  x 101 40,40

b c i3 105 567 483 1.08 1.75 x 105 40,40

SF6 92.6 624 591 1.03 8 .5  x 108 41,42

a F i r s t  Ref i s  E sourcea and second i s fundamental v i b r a t i o n a l
f requency sou rce .



with  th e  fundamental f requency o f  t h e  v i b r a t i o n a l  mode i,s. no t  n e ce s sa ry ,  

because o f  power broadening and th e  spread  o f  in i  t i a l  popu la t ion  oyer 

many r o t a t i o n a l  s t a t e s  and in  t h e  e x c i t e d  v i b r a t i o n a l  manifold  even 

with molecules a t  room tem pera tu re .  With a s u f f i c i e n t l y  i n t e n s e  l a s e r  

beam, molecules  have been observed to  d i s s o c i a t e  even when e x c i t e d  on 

r e l a t i v e l y  weak combination b a n d s ^ .

Once the  molecule i s  e x c i t ed  over  th e  d i s c r e t e  s t a t e s  and i n t o  the  

quasicontinuum,  the  subsequent mul tiphoton e x c i t a t i o n  to  and beyond the  

d i s s o c i a t i o n  leve l  i s  e s s e n t i a l l y  composed o f  s u cces s iv e  re so n an t  

s t e p s .  The average level  o f  e x c i t a t i o n  o f  th e  molecules i s  then 

p ro p o r t io n a l  t o  th e  l a s e r  energy f l u e n c e ,  r a t h e r  than th e  l a s e r  

i n t e n s i t y .  The l a s e r  energy d ep o s i t ed  in  a p a r t i c u l a r  v i b r a t i o n a l  

mode o f  t h e  molecule i s  randomized qu ick ly  to  the  o t h e r  modes. At 

s u f f i c i e n t l y  high e x c i t a t i o n  l e v e l s ,  t h e  r e d i s t r i b u t i o n  t ime i s  on 

the  o rd e r  of  30 p i c o s e c o n d s ^ .

The d i s s o c i a t i o n  process  t h a t  fo l lows can be well d e sc r ib e d  by 

the  RRKM theory  f o r  unimolecu lar  d i s s o c i a t i o n  which assumes complete 

energy randomizat ion.

From the  above d i s c u s s i o n ,  we can make a number o f  a s s e r t i o n s  

regard ing  the  m ul t ip le -pho ton  d i s s o c i a t i o n  p ro cess .  On th e  l a s e r  

pu lse  requ irem ent ,  the  lead ing  p a r t  o f  the  pu lse  must be in te n s e  

enough to  e x c i t e  the  molecule over  th e  d i s c r e t e  s t a t e s  i n t o  the  

quasicontinuum and the  remaining p o r t i o n  o f  th e  pu lse  must co n ta in  

enough energy f luence  to  e x c i t e  the  molecule beyond th e  d i s s o c i a t i o n  

l i m i t .  I f  th e  l a s e r  i n t e n s i t y  req u i red  f o r  e x c i t a t i o n  over the  

d i s c r e t e  s t a t e s  i s  much sm a l le r  than th e  peak i n t e n s i t y  o f  the  l a s e r  

p u l s e ,  then the  d i s s o c i a t i o n  y i e l d  i s  a fu n c t io n  o f  t h e  l a s e r  f luence



and not th e  l a s e r  i n t e n s i t y .  For sm a l l e r  and l i g h t e r  m olecu les ,  the  

quasicontinuum s t a t e s  e f f e c t i v e l y  begin a t  h ig h e r  e n e r g i e s .  T h e re fo re ,  

f o r  o the rwise  equal i n i t i a l  e x c i t a t i o n  c o n d i t i o n s ,  i t  w i l l  t ak e  a 

l a r g e r  number o f  photons and, t h e r e f o r e ,  a h ighe r  l a s e r  i n t e n s i t y  to  

e x c i t e  a sm a l l e r  and l i g h t e r  molecule  ove r  t h e  d i s c r e t e  s t a t e s .  For 

example,  i f  we compare t h e  f lu en ce  needed to  give  a 125 r e a c t i o n  

p r o b a b i l i t y  f o r  SFg and C2H4 , we f i n d  t h a t ,  f o r  SFg , f lu e n c e  i s
2^5

" 1 J /cm w h i le ,  in  th e  l i g h t e r  C2H4 m olecu les ,  f lu e n c es  on th e  o rd e r
2^6

o f  50 J/cm a re  needed. In the  case  o f  BC13 , which has l e s s  atoms
2

than  b u t  i s  h e a v ie r ,  29 J/cm a re  needed .

Using th e  above d i s cu s s io n  as a gu ide ,  we now proceed to  our 

d i s c u s s io n  o f  th e  MPD o f  carbonyl s u l f i d e .  The d i s s o c i a t i o n  energy o f

OCS as seen from Table 2 i s  73.3 k c a l .  The l a s e r  frequency  used i s  the

P(22) 9 .6  l i n e  o f  the  C02 l a s e r  which corresponds t o  an energy  o f  

2 .3  kca l .  Th e re fo re ,  30 photons a re  necessa ry  to  decompose th e  OCS

molecule .  From Table 2, we a l s o  see t h a t  a t  a v ib r a t i o n a l  energy

10,500 cm"^ above the  ground s t a t e ,  th e  d e n s i ty  o f  s t a t e s  i s  only in  

the  range of  8 0 /cm " \ .  Using equation  (32), we can c a l c u l a t e  t h a t ,  even 

a t  30,000 c m ~ \  which i s  near the  d i s s o c i a t i o n  l i m i t ,  t h e r e  a r e  s t i l l  

only approximate ly  300 s t a t e s  per cm"^. Obviously ,  given t h i s  r a t h e r  

small d e n s i ty  o f  s t a t e s  and the  need f o r  30 photons ,  we would expec t  

t h a t  very high l a s e r  i n t e n s i t i e s  would be necessa ry  t o  d i s s o c i a t e  OCS 

v ia  MPD.

Other f a c t o r s  which must be considered  inc lude  the  f a c t  t h a t  th e  

pumped mode in OCS i s  an overtone  o f  th e  bending mode. In many 

m olecu les ,  t h i s  f a c t  would tend  to  r u l e  ou t  th e  p o s s i b i l i t y  o f  

absorbing enough energy to  d i s s o c i a t e  i t  v ia  MPD. However, in  th e  case
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o f  OCS, th e  ab so rp t ion  s t reng th ,  o f  th e  fundamental  0 v2 and over tone  

0 ■> 2 ^ 2  t r a n s i t i o n s  a r e  n e a r ly  eq u a l .  This  a llows s u b s t a n t i a l  

energy to  be pumped i n to  the  overtone  t r a n s i t i o n  by th e  C02 l a s e r .

The o th e r  po in t s  which must be d i scu ssed  regard ing  OCS d i s s o c i a t i o n  

tnc lude  th e  anharmonic s h i f t  o f  th e  pumped v i b r a t i o n a l  manifold and the  

power broadening which may compensate f o r  t h i s  anharmonic i ty .  fo o r d ,
l i t  7

e t  a l  r e p o r t  a c a l c u l a t e d  anharmonic s h i f t  o f  approximate ly  0.1 cm .

For our exper imenta l  cond i t ions  using e i t h e r  th e  long p u ls e  l a s e r

having an energy o f  10 J in  1.5 psec o r  th e  s h o r t  pu lse  with 2 J in
Q o

100 n sec ,  the  l a s e r  i n t e n s i t y  i s  on th e  o rd e r  o f  10 w / c m .  Using 

equat ion  (1 5 ) ,  we c a l c u l a t e  t h a t ,  a t  t h i s  l a s e r  i n t e n s i t y ,  the  power 

broadening i s  on the  o rd e r  o f  0 .3  c n f \  Since the  MPD o f  OCS must be 

de sc r ibed  in terms o f  a q u a s i - r e so n a n t  mult iphoton  e x c i t a t i o n ,  the  

power broadening should  be la rg e  enough to  compensate f o r  the  c a lc u -
qc

l a t e d  anharmonic i ty .  However, Maki, e t  a l  r e p o r t  a measured

anharmonicity  o f  35 cm”  ̂ f o r  the  6v2 s t a t e ,  which corresponds  to

th r e e  l a s e r  photons .  This l a rg e  anharmonic i ty  obviously  could  not be

overcome by the  power broadening.

In l i g h t  o f  t h e  above d i s c u s s i o n ,  we can now unders tand  why we

were unable to  d e t e c t  any d i s s o c i a t i o n  of  carbonyl s u l f i d e .  S ince  OCS

i s  a t r i a t o m i c  molecule having a very low d e n s i t y  o f  s t a t e s ,  i t s

m u l t i p l e  photon ab so rp t ion  c h a r a c t e r i s t i c s  a re  governed by reg ion  I

e f f e c t s ,  t h a t  i s  by d i s c r e t e  energy l e v e l s .  In o rd e r  to  e x c i t e  the

molecule to  i t s  d i s s o c i a t i o n  l i m i t ,  l a s e r  i n t e n s i t i e s  on th e  o r d e r  of
15 210 W/cm or  h ig h e r  would probably  be n ecessa ry .

Before we can conclude our d i s c u s s i o n ,  we must take  note  o f  the
A O

r e p o r t  by Proch and Schroeder t h a t  they have d i s s o c i a t e d  OCS in a



molecular beam. They a l s o  r e p o r t  th e  d i s s o c i a t i o n  o f  ozone,  a n o th e r

t r t a to m i c  molecule .  The exper imenta l  s e t - u p  involved measuring the

i n t e n s i t y  o f  th e  molecular  beam w ith  a s c a l e r  coupled to  a da ta

p rocess ing  u n i t .  I f  th e  molecule d i s s o c i a t e s  when th e  COg l a s e r  i s

passed p e rp en d icu la r  to  the  beam, a d ip  in  t h e  counting r a t e  i s

observed. They r e p o r t  t h a t  th e  t h r e s h o ld  power necessa ry  f o r
o 2

d i s s o c i a t i o n  i s  1 .3  x 10 W/cm .

In l i g h t  o f  our r e s u l t s  and d i s c u s s i o n ,  i t  i s  d i f f i c u l t  t o  under­

s tand  th e  r e s u l t s  o f  Proch and Schroeder .  Our exper imental  co n d i t io n s  

only d i f f e r e d  from t h e i r s  in th e  method o f  d e t e c t i o n .  U n fo r tu n a te ly ,  

we do no t  have a molecular  beam-mass spec t rom e te r  system to  r e p e a t  t h e i r  

experiments and confirm t h e i r  r e s u l t s .  T h e i r  r e p o r t  does not address  

i t s e l f  t o  the  t h e o r e t i c a l  d i f f i c u l t i e s  encountered in  t r y i n g  to  ex p la in  

th e  phenomenon they observe.

The only  p o s s ib l e  e x p lan a t io n  f o r  t h e  d i f f e r e n c e  in  r e s u l t s  may be 

the  p o s s i b i l i t y  o f  a back r e a c t i o n  o f  CO and S in  our  system. However, 

even under flow c o n d i t i o n s ,  we d id  not d e t e c t  any formation o f  s u l f u r  

with a He-Ne l a s e r .

In co n c lu s io n ,  we r e p o r t  t h a t  we a re  unable  to  d i s s o c i a t e  OCS
Q 2

using l a s e r  i n t e n s i t i e s  on the  o rd e r  o f  10 W/cm and f lu en ces  in  the  
2

range o f  100 J/cm . No i n f r a r e d  o r  e l e c t r o n i c  f lu o re sc en c e  can be

de tec ted  from any p o s s ib le  p roduc t .  We f e e l  t h a t ,  with the  COg l a s e r s

p re s e n t ly  a v a i l a b l e  in t y p i c a l  u n i v e r s i t y  l a b o r a t o r i e s ,  th e  only way

to  d i s s o c i a t e  a t r i a t o m i c  molecule i s  v ia  d i e l e c t r i c  breakdown which

i.s c o n s i s t e n t  with the  t h e o r e t i c a l  framework o f  m u l t ip l e -pho ton  d i s s o c i a t i

C. D i e l e c t r i c  Breakdown

Laser  induced chemical r e a c t io n s  under plasma c o n d i t io n s  belong to

the  high temperature  ca tegory  and a r e ,  t h e r e f o r e ,  thermodynamically
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c o n t r o l l e d .  The plasma can be d i f f e r e n t i a t e d  i n t o  two r e g io n s ,  th e  

small dense core  dominated by io n ic  sp ec ie s  and the  l e s s  dense reg ion  

dominated by f r e e  r a d i c a l s  and atoms. Ions have very s h o r t  l i f e t i m e s  

so t h a t  chemical p rocesses  occur r ing  in t h i s  reg ion  can be ignored .  Most 

o f  th.e chemist ry  would be expected t o  t a k e  p lace  o u t s id e  the  co re .

The cold  gas molecules  surrounding th e  o u t s id e  o f  th e  plasma a c t  

as. quenching agents  and a l s o  p revent  th e  f r e e  movement o f  th e  h igh ly  

e x c i t e d  spec ie  produced in s id e  th e  plasma.
or

Extensive s tu d i e s  have shown t h a t  l a s e r  induced d i e l e c t r i c  

breakdown o f  a lmost any hydrocarbon y i e l d s  CgHg as a major product and 

e v en tu a l ly  the  ex c lu s iv e  product as i r r a d i a t i o n  proceeds .  This r e s u l t  

has been a t t r i b u t e d  to  th e  c ond i t ions  o f  high temperature  and f a s t  

quenching r a t e .  This i n d i c a t e s  t h a t  th e  c h a r a c t e r i s t i c s  o f  the  LIDB 

r e a c t i o n  i s  s h o r t  r e a c t io n  t im e ,  high tem p e ra tu re ,  and r a p id  quenching. 

Moreover, th e  product format ion o f  l a s e r  induced r e a c t i o n s ,  e i t h e r  by 

mul tiphoton ab so rp t ion  processes  o r  v ia  gas breakdown, always show the  

same r e s u l t s .

In a simple  system such as OCS, i t  i s  q u i t e  c l e a r  t h a t  the  weakest  

bond in  th e  system i s  the  C-S bond, and one would, t h e r e f o r e ,  expec t

th e  products  o f  OCS d i s s o c i a t i o n  to  be CO(g) and s u l f u r  p a r t i c u l a t e s .

In f a c t ,  p a r t i c u l a t e  formation i s  very s u b s t a n t i a l  and e a s i l y  observab le .  

Decomposition o f  a 60 t o r r  sample o f  OCS in  the  presence o f  150 t o r r  

o f  Ar was c a r r i e d  t o  completion in 3200 p u l s e s .  The photon u t i l i z a t i o n  

f a c t o r ,  de f ined  as the  number of  p h o to n s , i n j e c t e d  i n t o  the  sample 

d iv ided  by th e  t o t a l  number o f  molecules d i s s o c i a t e d ,  i s  equal t o  350.

The f a c t  t h a t  we can extend th e  phenomenon o f  d i e l e c t r i c  breakdown

to  induce r e a c t io n  o f  a gas even below i t s  breakdown p re s su re  by
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inducing a plasma in  a c a r r i e r  gas l e ad s  t o  some i n t e r e s t i n g  p o s s ib l e  

a p p l i c a t i o n s  o f  LIDB. I f  one e n v is io n s  a system c o n ta in in g  a i r  and 

a small percentage  o f  some unwanted gas  ( e . g . ,  H,,S, S02 ) ,  i t  should be 

p o s s ib l e  t o  induce a plasma in  t h e  a i r  and s t i l l  d i s s o c i a t e  t h e  

gaseous im pur i ty .  Our exper imental  o b se rv a t io n s  show t h a t  we can,  

indeed, do j u s t  t h a t .  When we i r r a d i a t e d  a m ix ture  o f  1 t o r r  OCS with  

300 t o r r  o f  He o r  Ar,  p a r t i c u l a t e s  were observed th roughout  the  c e l l  

i n d i c a t i n g  t h a t  the  OCS had been d i s s o c i a t e d  even though i t s  p r e s su re  

was well below the  p re s su re  needed to  induce DB in  pure OCS.

Fur thermore ,  by s tudy ing  the  LIDBS o f  th e  s p e c ie s  in v o lv e d ,  one 

can ga in  a b e t t e r  unders tand ing  o f  t h e  mechanism o f  t h i s  d i s s o c i a t i o n .

In the  case  where He was t h e  c a r r i e r  g a s ,  t h e  d i s s o c i a t i o n  observed 

o u t s id e  the  foca l  p o in t  a rea  must be a s c r ib e d  t o  a shock-wave 

mechanism. This i s  proven by the  f a c t  t h a t  p a r t i c u l a t e s  a r e  observed 

th roughout  the  c e l l ,  even though th e  plasma l i g h t  cannot induce 

p h o to d i s so c ia t io n  when a q u a r t z  window i s  i n s e r t e d  between th e  gases .  

This i s  due to  the  f a c t  t h a t ,  in  o rd e r  to  p h o to d i s s o c i a t e  OCS, l i g h t  o f
O pp

wavelengths s h o r t e r  than 3300 A i s  necessa ry  . Since th e  LIDBS o f  He 

does no t  have any s i g n i f i c a n t  i n t e n s i t y  in  th e  u l t r a v i o l e t  p o r t i o n  o f  

th e  spectrum p h o to d i s so c ia t io n  cannot occur .

However, in  the  case  o f  the  Ar/OCS m ix tu r e s ,  both a shock-wave and 

p h o to d i s so c ia t io n  mechanism account  f o r  th e  p a r t i c u l a t e  fo rm at ion .  This 

i s  proven by the  d e t e c t i o n  o f  p a r t i c u l a t e s  in  the  c e l l  co n ta in in g  OCS 

sep a ra te d  by a q u a r tz  window from the  plasma induced in  the  Ar.  This 

can be exp la ined  by not ing  t h a t  the  LIDBS o f  Ar has s i g n i f i c a n t  

i n t e n s i t y  a t  s h o r t e r  wayelengths which can p h o to d i s s o c i a t e  OCS.

Another im por tan t  a rea  o f  a p p l i c a t i o n  o f  LIDB revo lves  around the  

o p t i c a l  emission which accompanies th e  breakdown p rocess .  The emission



processes  in  a plasma may be h r i e f l y  summarized as  fo l lows :

1) Bound-Bound T r a n s i t i o n s . The energy o f  a photon em i t ted  as an 

atom o r  ion makes a t r a n s i t i o n  from one bound s t a t e  t o  ano ther  o f  lower 

energy g ives  r i s e  to  a s p e c t r a l  l i n e  which i s  well d e f in ed  and whose 

p r o f i l e  depends on the  spontaneous l i f e t i m e  o f  the  upper s t a t e  as well  

as  th e  v e l o c i t y  d i s t r i b u t i o n  of  th e  e m i t t i n g  atoms. C o l l i s i o n s  and 

th e  presence  o f  e x te r n a l  e lec t ro m ag n e t ic  f i e l d s  may a l l  p e r tu rb  the  

i n i t i a l  and f i n a l  s t a t e s  o f  the  e m i t t in g  atom o f  molecule .  A cool 

p a r t i a l l y  ion ized  gas p o sse sse s  l i n e  r a d i a t i o n  in  th e  i n f r a r e d - v i s i b l e  

reg ion  o f  t h e  spectrum. At h ighe r  t e m p e ra tu re s ,  th e  atoms can be 

r a i s e d  t o  more e n e r g e t i c  e x c i t e d  s t a t e s  and emit  l i n e s  o f  s h o r t e r  

wavelengths .

11.) Free-Bound T r a n s i t i o n . A f r e e  e l e c t r o n  may be cap tured  by an 

ion ized  atom upon which the  s u rp lu s  energy w i l l  be em i t ted  as a photon. 

Given a p a r t i c u l a r  f i n a l  bound s t a t e ,  the  emission spectrum f o r  a 

recombinat ion process  i s  a continuum with a sharp  low-f requency c u t - o f f .  

The c u t - o f f  point,known as the  recombinat ion l i m i t ,  corresponds  t o  the  

i o n i z a t i o n  p o t e n t i a l  of  the  f i n a l  bound s t a t e .  I f  two e l e c t r o n s  c o l l i d e  

with  an ion s im u l tan eo u s ly ,  one may be cap tu red  whi le  t h e  o t h e r  c a r r i e s  

away th e  su rp lu s  energy w i th o u t  the  emission o f  r a d i a t i o n .  This t h r e e  

body recombinat ion becomes more probable as t h e  e l e c t r o n  d e n s i ty  r i s e s .

i i i )  Free-Free  T r a n s i t i o n s . A f r e e  e l e c t r o n  c o l l i d i n g  with  a n o th e r  

p a r t i c l e  w i l l  make a t r a n s i t i o n  to  ano ther  f r e e  s t a t e  o f  lower energy 

accompanied by the  emission o f  a photon. This  r a d i a t i o n  i s  known as 

Bremsstrahlung and forms a continuum. Of more importance i s  th e  in v e r s e  

p r o c e s s ,  known as " in v e rse  Bremsstrah lung,"  in  which an e l e c t r o n  absorbs  

a photon as. i t  moves from one f r e e  s t a t e  to  a more e n e r g e t i c  one. As



we d iscussed  e a r l i e r ,  t h i s  i s  the  primary process  by which l a s e r  

induced d i e l e c t r i c  breakdown t a k e s  p la ce .

In t h e  case  o f  t h i s  l a s e r  Induced plasma, measurements o f  the  

s p e c t r a l  d i s t r i b u t i o n  o f  the  plasma emission  i n d i c a t e  a s t rong  l i n e  

spectrum superimposed on a continuum which peaks a t  c h a r a c t e r i s t i c  

wavelength^ depending on th e  plasma medium. S p ec t ra l  a n a l y s i s  o f  the  

plasma allows one to  d e t e c t  th e  atomic ( i o n i c  and n e u t r a l )  c o n s t i t u e n t s  

o f  t h e  gas molecules .  By apply ing t h i s  technique  to  mix tures  o f  g a se s ,  

one. shou ld ,  in p r i n c i p l e ,  be ab le  to  d e t e c t  small q u a n t i t i e s  o f  a 

p a r t i c u l a r  m a te r ia l  in  a h o s t  gas.  By o b ta in in g  the  breakdown spectrum 

o f  th e  gas o f  i n t e r e s t  and a l s o  o f  th e  c a r r i e r  gas and monitor ing a 

s p e c i f i c  wavelength ,  one can use t h i s  te chn ique  f o r  th e  conf i rm at ion  o f  

the  presence  o f  a p a r t i c u l a r  m a te r ia l  in a m ix tu re .  This  technique 

should be s p e c i f i c a l l y  usefu l  to  probing h o s t i l e  environments s i n c e  i t  

i s  an o p t i c a l  process  not a physica l  one.

In th e  fo l lowing c h a p te r ,  we w i l l  d e s c r ib e  the  a p p l i c a t i o n  o f  t h i s  

technique  more f u l l y .  In the  OCS/rare gas mix tures  us ing a photo­

m u l t i p l i e r ,  we were unable  to  co n c lu s iv e ly  i d e n t i f y  s p e c t r a l  l i n e s  due 

to  OCS. We f e e l  t h a t  th e  reason f o r  t h i s  i s  due to  the  d e t e c t io n  

tech n iq u es .  As we w i l l  see  in  our  nex t  c h a p t e r ,  when we used an 

Optica l  Multichannel Analyzer to  d e t e c t  the  plasma em iss ion ,  we were 

ab le  to  e a s i l y  i d e n t i f y  emissions of  the  impur ity  gas a t  2 to  3% 

c o n c e n t r a t io n s .  With b e t t e r  s igna l  averag ing ,  we s t ro n g ly  b e l i e v e  t h a t  

t h i s  technique  can a l so  be app l ied  s u c c e s s f u l ly  using a p h o to m u l t i p l i e r -  

monchromator arrangement which would al low f o r  r e a l - t i m e  d e t e c t io n  o f  

im p u r i t i e s  in  a gaseous mix ture .



Conclusion

Our s t u d i e s  o f  the  C02 l a s e r  r e a c t io n s  o f  carbonyl s u l f i d e  under 

both high and low e x c i t a t i o n  co n d i t io n s  has y i e ld e d  very i n t e r e s t i n g  

r e s u l t s .  The energy t r a n s f e r  s tudy g ives  us im por tan t  in format ion  

rega rd ing  th e  d i f f e r e n t  pathways the  OCS molecule d i s s i p a t e s  i t s  

energy upon c o l l i s i o n s  and we were ab le  to  unders tand th e se  r e s u l t s  

by using th e  e x i s t i n g  t h e o r e t i c a l  models f o r  such p ro cesses .  The f a c t  

t h a t  we were unable  to  d i s s o c i a t e  OCS via  multi  pi e-photon d i s s o c i a t i o n  

was very d i s a p p o i n t in g ,  though t h i s  too can be unders tood in  l i g h t  o f  

th e  high i n t e n s i t i e s  which a re  necessa ry  to  d i s s o c i a t e  a t r i a t o m i c  

molecule .  F i n a l l y ,  our  s tudy o f  the  d i e l e c t r i c  breakdown o f  OCS and 

the  emission spectrum accompanying i t  gained  us a g r e a t e r  unders tand ing  

o f  th e  LIDB process and some o f  i t s  p o t e n t i a l  u ses .
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12. F. L. Tanczos,  J .  Chem. Phys. , 1956, 25,  439.

13. M. J .  Coggio la ,  P. A. S chu lz ,  Y. T. Lee,  and Y. R. Shen, Phys. Rev.
L e t t . ,  1977, 38, 17.

14. P. Kolodner,  C. W in te r f e ld ,  and E. Yablonovitch ,  Opt. Comm. , 1977, 
20,  119.

15. S. Mukamel and J .  J o r t n e r ,  J .  Chem. P h y s . , 1976, 65,  5204.

16. N. Bloembergen, Opt. Comm., 1975, 1JL» 416.

17. J .  P. A ld r id g e ,  J .  H. B i r l e y ,  C. D. C a n t r e l l ,  and D. C. C a r tw r ig h t ,  
"Laser Photochemis t ry ,"  Addison Wesley,  Reading, Mass. (1977).

18. J .  G. Black, E. Yablonovitch,  N. Bloembergen, and S. Mukamel,
Phys. Rev. L e t t . ,  1977, 38,  1131.

19. R. V. Ambartzumian and V. S. Letokhov, Acc. Chem. R es . ,  1977, 10,  
61.  ”

20. J .  G. Black, P. Kolodner,  M. J .  Schulz ,  E. Yablonovitch ,  and N. 
Bloembergen, Phys. Rev. A, 1979, 19̂ , 704.



60.

21. J .  P. Wright,  P roc . Phys. Soc. , 1964, 84,  41.

22. H. Hora, "Laser Plasma and Nuclear Energy,"  Plenum, New York (1975).

23.  E. Yablonovitch ,  Phys. Rev. L e t t . ,  1972, 28,  85.
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CHAPTER 2

Laser  Induced D i e l e c t r i c  Breakdown - Spec t ra  I d e n t i f i c a t i o n



INTRODUCTION

Atomic abso rp t ion  spectrophotometry  in  a y a r l e t y  o f  forma has  been 

used f o r  th e  i d e n t i f i c a t i o n  o f  atomic and m olecu la r  s p e c i e s .  In t h i s  

c h a p t e r ,  we s h a l l  de sc r ib e  a new v a r i a n t  o f  t h i s  te chn ique  by us ing a 

COg l a s e r  to  i n i t i a t e  a plasma in  a gas .  By s tudy ing  th e  v i s i b l e  

emission spectrum accompanying th e  plasma, we s h a l l  show the  f e a s i b i l i t y  

o f  i d e n t i f y i n g  the  a tomic ,  i o n i c ,  and molecular  spec ie s  in the  plasma 

and, in  e f f e c t ,  " f i n g e r p r i n t "  th e  gas in  q u e s t io n .  The unique emission 

spectrum o f  each in d iv id u a l  gas w i l l  a l low us to  apply t h i s  technique  

t o  a mix ture  o f  gases and he lp  i d e n t i f y  im p u r i t i e s  con ta ined  in  the  

m ix tu re .  Since t h i s  i s  an o p t i c a l  te chn ique  and no t  a phys ica l  one ,  

i t  should  be most usefu l in  probing h o s t i l e  environments where phys ica l  

access  may not be p o s s ib le  o r  convenient o r  when rea l  t ime measurements 

a r e  p r e f e r r e d .

We have s tu d ie d  th e  Laser Induced D i e l e c t r i c  Breakdown Spectrum 

(LIDBS) o f  a s e r i e s  o f  hydrocarbons,  methyl h a l i d e s ,  f luoromethanes ,  

and chloromethanes .  This s e r i e s  o f  gases  were chosen f o r  numerous 

rea so n s .  F i r s t l y ,  the  r e a c t io n s  o f  t h e se  s p ec ie s  under  l a s e r  e x c i t a t i o n  

have been e x te n s iv e ly  s tu d ie d  both in  terms o f  t h e i r  energy t r a n s f e r  

mechanism under low-power e x c i t a t i o n  and product  format ion when a 

non-resonan t  f requency was used as th e  e x c i t i n g  source .  Furthermore ,  

many of  th e se  molecules  a re  im por tant in  combustion s t u d i e s  as well  as 

t o  environmental  s t u d i e s .



EXPERIMENTAL

The b a s i c  exper imenta l  arrangement was s i m i l a r  to  t h a t  d e sc r ib ed

In  Chapter 1. All gases  were re sea rc h  grade  (Matheson) and were f u r t h e r

p u r i f i e d  by vacuum d i s t i l l a t i o n .  In a l l  c a s e s ,  a 123 cm square  c e l l

f i t t e d  with "0" r in g  mounted NaCl windows was used.

The v i s i b l e  emission was s tu d ie d  using an O pt ica l  Mult ichannel

Analyzer COMA). This system, on loan from the  P r ince ton  Applied

Research C orpora t ion ,  c o n s i s t s  o f  a 1250A co n so le ,  1250D SIT i n t e n s i f i e d

p h o to m u l t i p l i e r  d e t e c t o r ,  and a 1208 polychromator which i s  a s p e c i a l l y

modif ied J a r r e 1 Ash .25 meter monochromator. The OMA i s  a modular

e l e c t r o - o p t i c a l  s ig n a l  p rocess ing  system. Optica l  s i g n a l s  a re  d e tec te d

on the  t a r g e t  o f  an image tube which i s  d iv ided  i n to  500 d e t e c t i o n

channe ls .  Data may be enhanced by i n t e g r a t i o n  over seve ra l  l a s e r

pulses. ,  fo llowed by background s u b t r a c t i o n  o f  i n t e r f e r i n g  s i g n a l s .  The

spectrum i s  then d isp layed  on an o s c i l l o s c o p e ,  photographed,  o r

t r a c e d  on an X-Y re c o rd e r  f o r  a n a l y s i s .  Each o f  th e  500 OMA channels
©

was approximate ly  6 Angstroms wide as  determined by c a l i b r a t i o n  w i th  the
O

4350, 5461, and 5770 A Hg l i n e s .  A p a r t i c u l a r  channel was s e t  to  a 

known mercury l i n e  by means o f  a monochromator so t h a t  t h e  complete
o o

v i s i b l e  spectrum between 3093-6003 A and 4164-7164 A cou ld  be scanned 

with only two l a s e r  p u l s e s .  The spectrum i s  then compared to  known 

t a b u la t e d  t r a n s i t i o n s  f o r  the  sp ec ie s  involved by means o f  a computer 

program.

Each spectrum was ob ta ined  using a f r e s h  sample o f  gas because i t  

was found t h a t  the v i s i b l e  emission o f  the  plasma d i f f e r e d  markedly 

a f t e r  as few as  10 l a s e r  p u l s e s .



•RESULTS AND DISCUSSION

Figure  1 shows a ty p i c a l  OMA photograph o f  the  emission s p e c t r a  

o f  CH^F, Cl^Fg, CHgCl, and CH^Br. Each in d iv id u a l  do t  r e p r e s e n t s  a 

channel which corresponds to  a s p e c i f i c  wavelength .  As i s  c l e a r l y  

e y id e n t ,  each gas has peaks a t  a d i f f e r e n t  wavelength which can be 

a sc r ib e d  t o  e i t h e r  an i o n i c ,  n e u t r a l ,  o r  molecular  fragment o f  th e  

p a re n t  molecule.

In the  fo llowing  t a b l e s ,  we have t a b u la t e d  th e  wavelengths o f  each
1 -7spectrum and the  probable  e m i t t e r  f o r  each o f  th e  s p ec ie s  s tu d ie d  .

I f  one compares the  sp ec ie s  in  th e  fluoromethane s e r i e s ,  one n o t i c e s  

new peaks due to  molecular fragments such as  CF2 and CF^ which begin 

t o  appear as the  number o f  F atoms in  the  s e r i e s  a r e  in c re a se d .  

Furthermore,  the  i n t e n s i t y  o f  the  l i n e s  which a re  i d e n t i f i e d  as emission 

o f  F atoms in c re a s e  as one proceeds from methyl f l u o r i d e  to  carbon 

t e t r a f l u o r i d e .

The same type  o f  r e s u l t s  a re  noted f o r  th e  chloromethane s e r i e s .

As the  number o f  c h lo r in e  atoms a re  in c reased  in a CH C lv sample,  newJ \ Jr
bands due to  CClg and CCl^ fragments a re  i d e n t i f i e d  and th e  i n t e n s i t y  

o f  Cl l i n e s  a r e  inc reased  as we proceed from methyl c h lo r id e  to  carbon 

t e t r a c h l o r i d e .

Figures  2 and 3 show th e  OMA p l o t  o f  th e  v i s i b l e  spectrum o f
O

CH  ̂ and CCl^ r e s p e c t i v e l y  in the  region 4164-7164 A. Figure  4 i s  the  

spectrum obta ined  when a mixture  o f  1 t o r r  CCl^ and 32 t o r r  CĤ  a re  

i r r a d i a t e d  with  a l a s e r  p u lse .  Comparison o f  Figure  4 w i th  Figures  

2 and 3 shows t h a t  th e  spectrum o f  th e  mixtures  con ta in s  f e a t u r e s  

o f  both th e  methane plasma and t h a t  o f  th e  carbon t e t r a c h l o r i d e .

Peaks which a re  unique to  the  CCl^ spectrum are  c l e a r l y  observab le



even though the  CCl^ p re s su re  i.s. many t o r r  below th e  p re s su re  necessa ry  

t o  induce breakdown in  pure CCl^. This  proves t h a t  we can d e t e c t  

im p u r i t i e s  in a gaseous m ix tu re  by s tudying  th e  emission spectrum o f  

th e  ind iv id u a l  components o f  the  mix ture  and choosing wavelengths where 

one sp ec ie s  emits  and no t  the  o th e r .

Figure  5 shows th e  LIDBS o f  CF^ and Figure  6 shows a s i m i l a r  

spectrum f o r  a mixture  o f  3 t o r r  CH  ̂ with  65 t o r r  o f  CF^. Again,  by 

comparing f i g u r e s  2 and 5 with  Figure  6 ,  we see  f e a t u r e s  o f  both the  

LIDBS o f  both pure CĤ  and CH^ in t h e  LIDBS o f  th e  m ix ture .

S i m i l a r l y ,  Figure  7 gives  th e  LIDBS o f  C2Hg and Figure  8 t h e  LIDBS 

o f  a mixture  o f  3 t o r r  C2Hg and 65 t o r r  CF^. By again  comparing th e se  

f i g u r e s  with  t h a t  o f  Figure  5,  we note  emission which i s  unique to  

each indivdual component o f  the  m ix ture .

In  F igures  9 ,  10, and 11, we show the  LIDBS o f  each o f  th e  

ind iv id u a l  components o f  the  mix tu re  to g e th e r  wtih  the  LIDBS o f  the  

mix ture  c l e a r l y  showing t h a t  peaks due to  each in d iv id u a l  gas a r e  

apparen t  in t h e  mix tu re .
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FIGURE 1 -  OMA Photograph o f CH ĵF, CH^Fg, CHjCl, & CM^Br
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Table 1 

60 t o r r  CH4

Wavelength (A) Probable  Species  

4309 CH

4326 CH

4361 C2

4669 C2

4843 H„
P

5128 C2

5158 C2

6598 H



6 9 .

Table  2 

50 t o r r  CgHg

O
Wavelength (A) Probable Species

4332 CH

4355 C2
4396 C2
4686 C2
4838

hb

5134 C2
5152 C2
5545 C2
5575 C2
5636 C2
6610 HCl



Table 3

65 t o r r  CH3F

Wavelength (A) Probable  Species 

4326 CH

4350 CH

4379 C2

4681 C2

4716 C2

4843 H
P

5140 C2

5170 C2

5539 C2

5557 C2

5600 C2

5648 C2

6622 Ha
6967 F

7021 F



Table 4

40 t o r r  CHjCl

Wavelength (A) Probable Species 

4332 CH

4657 C2

4681 C2

4861 Hn

4904 Cl

5104 Cl

5164 C2

5225 Cl

5436 Cl

5642 C2

6610 H



Table  5 

40 t o r r  CHgBr

O
Wavelength (A) Probable  Species

4355 Br

4530 Br

4594 Br

4605 Br

4686 C2
4856

H3
5164 c2

5243 Br

5557 C2
5594 C2
5642 C2
6616 Ha
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Table  6 

50 t o r r  CHgl

O
Wavelength (A) P robable  Species

4670 *2
4867 He
5057 l 2
5134 C2
5169 C2

5223 X2
5313 I

5348 I

5472 I

5627 C2
5686 I

5740 I

5781 I

5954 I

6084 I

6286 I

6589 Ha
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Table  7

40 t o r r  CH,,F2

Wavelength (A) Probable  Species 

4320 CH

4350 CH

4682 C2

4858 t i 0
P

5152 C2

6271 F

6386 F

6453 F

6622 Ha

6858 F

6955 F

7015 F
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Table 8

50 t o r r  CFjH

Wavelength (A) Probable Species 

4344 CH

4681 C2

4868 H
P

5134 C2

5176 C2

6041 CF3

6277 F

6392 F

6459 F

6622 H a

6864 F

6967 F

7027 F
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Table  9 

65 t o r r  CF^

O
Wavelength (A) Probable Species

4431 CF3
4681 C2
5134 C2
5170 C2
5981 CF3
6041 CF3
6114 CF3
6265 F

6386 F

6447 F

6846 F

6949 F

7009 F

7173 F
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Table 10 

40 t o r r  CHgClg

O
Wavelength (A) Probable Species

4338 CH

4350 CH

4640 C2
4669 C2
4692 C2
4797 Cl

4849
H8

4878 Cl

4908 Cl

5146 Cl

5134 C2
5169 C2
5223 Cl

5431 Cl

5455 Cl

5633 C2
6595 Ha
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Table 11 

40 t o r r  CHC13

Wavelength (A) Probable Species

4373 Cl

4669 C2

4678 C2

4779 Cl

4797 Cl

4849 Hn
p

4914 Cl

5110 Cl

5134 C2

5175 C2

5235 Cl

5288 Cl

5401 Cl

5437 Cl

5455 Cl

5466 Cl

6060 CC13

6601 H
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Table  12 

40 t o r r  CCl^

O
Wavelength (A) Probable  Spec ies

4367 Cl

4657 C2
4779 Cl

4797 Cl

4884 Cl

4901 Cl

5098 Cl

5110 Cl

5134 C2
5169 C2
5229 Cl

6150 CC1

6304 CC1
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CONCULSION

The r e s u l t s  o f  th is , s tu d y  a re  c o n s i s t e n t  with, o u r  d is c u s s io n  o f  

l a s e r  induced d i e l e c t r i c  breakdown p resen ted  in  the  preceding  chaper.  

kte have seen t h a t  the  techn ique  o f  s tudy ing  th e  LIDBS o f  d i f f e r e n t  

gases can have im portant p r a c t i c a l  a p p l ic a t io n s  in  id e n t i f y in g  th e  

components o f  a g iven m ix tu re .  This  techn ique  should  f in d  p a r t i c u l a r  

use in  probing environments which a re  no t a c c e s s ib le  by o th e r  methods, 

such as smoke s tac k s  and atm ospheric  c o n s t i tu e n ts  near chemical p la n t s .
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CHAPTER 3 

L aser Ig n i te d  Combustion
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In tro d u c t io n

The use o f  l a s e r s  f o r  combustion d ia g n o s t ic s  has rece iv ed  much 

a t t e n t i o n  in  re c e n t  y e a r s \  A v a i lah le  techn iques  in c lu d e  L aser-D oppler 

V elocim etry (LDV) f o r  d e te rm in a tio n  o f  flow p a t t e r n s ,  co h eren t A n ti-  

Stokes Raman Spectroscopy (CARS) f o r  abundant sp e c ie s  (CH^, 0 2 , N2) and 

tem pera tu re  d e te rm in a t io n ,  and Laser-Induced F luorescence  E x c i ta t io n  

Spectroscopy (LIFES) f o r  t r a c e  sp e c ie s  such as f r e e  r a d ic a l s  (OH, CH,
p

C2) o r  p o ly n u c lea r  a rom atic  hydrocarbons (pyrene) . Laser i g n i t i o n ,  

t h a t  i s ,  us ing  a l a s e r  to  i g n i t e  a combustable m ix tu re ,  has been
3

s tu d ie d  s p o ra d ic a l ly  through the  y e a r s  . Many o f  th e se  s tu d ie s  were 

done using v i s i b l e  and near in f r a r e d  l a s e r s  by en g in ee rs  who were 

i n t e r e s t e d  in  s tudy ing  th e  flow p a t te r n  o f  th e  f lam es^ . In t h i s  s e c t io n ,  

I w i l l  d e sc r ib e  the  sy s te m a tic  s tu d ie s  o f  C02- l a s e r  i g n i t i o n  on 

com bustib le  m ixtures ranging from hydrogen to  o c tan ew ith  both a i r  and 

oxygen. P a r t i c u l a r  a t t e n t io n  w i l l  be g iven to  th e  l im i t s  o f  

in f lam m a b il i ty  a t  sub-a tm ospheric  p r e s s u r e s ,  s p e c t ro s c o p ic  s tu d ie s  o f  

th e  v i s i b l e  and n e a r - in f r a r e d  em ission o f  th e  flames and measurement o f  

p o l lu t a n t  products  f o r  both " lean"  and " r ic h "  fue l m ix tu res .

:



EXPERIMENTAL

The l a s e r  ap p ara tu s  was th e  same as d e sc r ib e d  in  C hapter 1. G lass
3 3c e l l s  w ith  volumes ranging from 500 cm to  1,000 cm f i t t e d  w ith  

sodium c h lo r id e  windows v ia  "0,l- r in g  j o i n t s  were used in  a l l  e x p e r i ­

m ents. All gases (_H2 , D2 , CH^, CgH^, C2Hg , CgHg, 02 ) were Matheson 

re s e a rc h  grade and were used w ithou t f u r t h e r  p u r i f i c a t i o n .  Room a i r  

was used in  a l l  experim ents  w ith  f u e l / a i r  m ix tu res .  Gas p re s su re  was 

measured by e i t h e r  a Wallace Tiernan Gauge (Model 61C-1D-0800) o r  a 

c ap ac i tan ce  manometer (MKS B a ra t ro n ) .  With t h i s  l a t t e r  system , p re s su re  

read ings  could be o b ta in ed  to  th e  n e a r e s t  micron. The q u a n t i t a t i v e  

d e te rm in a tio n  o f  f i n a l  p roducts  was c a r re d  o u t  using an i n f r a r e d  

spec tropho tom ete r  (P erk in  Elmer 237) and gas chromatography (H ew lett-  

Packard 5880A). The c o n c e n tra t io n  o f  N0X was q u a n t i f i e d  w ith  a mass 

sp ec tro m e te r  (B a lze rs  QM6-511) a t  mass peak 30 ( n i t r i c  oxide-NO). Great

c a re  was taken in  t h i s  techn ique  to  c o r r e c t  f o r  background mass peaks
18 15a t  30 which may o r ig i n a t e  from C 0 ,  N2 , C2Hg , and fragm en ta tion  o f

N02 . The procedure was worked ou t c a r e f u l ly  and c a l i b r a t i o n  f o r  each 

run was m ain ta ined . A d d i t io n a l ly ,  some samples were s e n t  to  Gollob 

A n a ly t ic a l  S e rv ice s  t o  double check accu racy .

In o rd e r  to  s tudy  th e  v i s i b l e  em ission  accompanying th e  e x p lo s io n ,  

an O p tica l  M ultichannel A nalyzer (0MA 2) was used . This system , on 

loan from P r in ce to n  Applied Research C o rp o ra t io n ,  c o n s i s t s  o f  a Model 

1215 System P ro cesso r ,  Model 1216 D e tec to r  C o n t r o l l e r ,  and a Model 1254 

I n t e n s i f i e d  Vidicon D e tec to r .



RESULTS

Tables I-V sumnarize th e  r e s u l t s  o f  combustion m ix tu res  o f  H g /a i r ,  

C H ^/a ir ,  CgHg/Og, CgHg/air, and C3Hg/ a i r  f o r  p re s su re s  below one 

atmosphere. A cu rso ry  look a t  th e se  t a b le s  re v e a ls  t h a t  l a s e r - i g n i t i o n  

occurs  over la rg e  f u e l / a i r  r a t io -  and t o t a l  p re s su re  ra n g es .  One a ls o  

see s  t h a t ,  depending on the  l a s e r  c o n d i t io n s ,  i . e . ,  power, and physica l 

s e t - u p ,  i . e . ,  fo c u s in g ,  i g n i t io n  may o r  may no t take  p la c e .  No re a l  

dependence was found based on c e l l  s i z e ,  w ith  both 500 cm and 1,000 cm 

f l a s k s  used. A lso , in  th e  case  o f  propane which has a weak ab so rp tio n  

in  th e  COg l a s e r  re g io n ,  th e re  d id  n o t seem to  be much d i f f e r e n c e  i f  one 

used th e  l a s e r  tuned to  th e  ab so rp tio n  l i n e  o r  i f  th e  l a s e r  was tuned 

" o f f  resonance ."  Experiments were a l s o  done using  e th y len e  as a fue l 

which has a very s t ro n g  ab so rp tio n  in  th e  l a s e r  re g io n .  Once a g a in ,  

s im i l a r  r e s u l t s  were ob ta ined  both "on" and "o f f"  resonance though
5

yf.si.ble f lu o rescen ce  was observed in  n on -exp los ive  "on-resonance" 

e x p er im en ts .

The occurrence  o f  d i e l e c t r i c  breakdown in  some m ix tu res  r a i s e d  th e  

p o s s i b i l i t y  o f  an e le c t ro n - ty p e  mechanism as th e  t r i g g e r  f o r  the  

e x p lo s io n .  In o rd e r  to  t e s t  f o r  t h a t  p o s s i b i l i t y ,  a th in  s l i c e  o f  

metal ( b r a s s ,  z in c ,  copper) was p laced  in  th e  f la s k  w ith  the  

ex p lo s iv e  m ix tu re ,  and the  l a s e r  beam was aimed a t  th e  metal to  he lp  

c r e a te  e le c t ro n s  in  the  c e l l .  The r e s u l t s  o f  th e se  experim ents a re  

summarized in  Table VI. We w i l l  r e tu rn  to  th e  s ig n ifc a n c e  o f  th e se  

experim ents in  our d iscu ss io n  o f  th e  mechanisms o f  l a s e r - i g n i t i o n .

Many o f  th e  m ixtures were analyzed f o r  p ro d u c ts .  In a l l  the  

hydrocarbon c a s e s ,  th e  only products  as seen from in f r a r e d  s p e c t ra  was 

COg and HgO. No n itro g en  oxides o r  carbon monoxide was d e te c te d .  An
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Table  I 

Hg/Air Combustion

Total
P ressu re  Laser Power

Fuel (%) ( t o r r ) ( Jo u le s ) Focal Length R esu lts

3 .7 202 2 .8 Unfocused Explosion

4 405 2 .2 Unfocused Explosion

4 .2 405 3 .3 Unfocused Explosion

• ro 402 12 Unfocused No Change

4 .8 116 2.2 10 inches Explosion

7.5 40 4 .3 5 inches Explosion

7 .8 71 2 5 inches D i e l e c t r i c  Breakdown

8.7 63 2 5 inches Explosion

9.1 66 3 5 inches Explosion

9 .3 43 2 5 inches Explosion

9 .7 103 2 10 inches Explosion

10 200 12 5 inches D i e l e c t r i c  Breakdown

12.2 205 12 Unfocused Explosion

15.5 71 2 5 inches Explosion
37 80 12 10 inches Explosion



T able  I I  

CH^/Air Combustion

T ota l

>1 (%)
P ressu re

( t o r r )
L aser Power 

(J o u le s ) Focal Length R esu lts

4 .6 110 3 Unfocused No Change
4 .6 110 3 5 inches Explosion
9 110 3 Unfocused No Change
9 110 3 5 inches Explosion
9 220 3 Unfocused No Change
9 220 3 5 inches Explosion
9 330 3 Unfocused No Change

9 330 3 5 inches Explosion
9 440 3 Unfocused No Change
9 440 3 5 inches Explosion



98.

Table  I I I

^ 6 ^ 2  Combust lon

lel (%)

T ota l
P ressu re

( t o r r )
. Laser Power 

(Jo u le s ) Focal Length R esu lts

9 77 1.5 5 inches Explosion

9 165 1.5 10 inches Explosion
13 120 1.3 10 inches Explosion
33 27 1 .3 10 inches D i e l e c t r i c  Breakdown
44 90 1.3 10 inches Explosion
50 120 1 .3 10 inches No Change
58 78 1.3 10 inches D ie l e c t r i c  Breakdown
60 89 1.3 10 inches D ie l e c t r i c  Breakdown
61 77 1.3 10 inches Explosion
61 77 1.3 5 inches No Change
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Table  IV 

CgHg/Air Combustion

Total
P re s su re  Laser  Power

:1 { % ) ( t o r r ) ( Jou le s ) Focal Length Resu l ts

2 125 1.6 10 inches D i e l e c t r i c  Breakdown

2 184 1.6 10 inches Explosion

2 396 10 Unfocused No Change
2 .3 191 1.7 10 inches D i e l e c t r i c  Breakdown

2 .5 200 1.7 5 inches D i e l e c t r i c  Breakdown

3 206 1 .7 10 inches Explosion

3 196 1.9 10 inches Explosion

3 .2 100 1.8 10 inches Explosion

3.2 50 1 .8 10 inches D i e l e c t r i c  Breakdown

3.3 97 1.9 10 inches Explosion

3 .3 180 10 Unfocused No Change

3.3 180 10 5 inches Explosion
3 .4 50 1 .8 10 inches Explosion

3.5 100 1 .8 10 inches Explosion

3.5 100 1.9 10 inches Explosion

3 .5 100 10 Unfocused No Change
3.5 100 10 5 inches Explosion

3.7 95 1 .8 10 inches Explosion

3.7 94 1 .8 10 inches Explosion

4 187 1.7 10 inches Explosion

4 .5 200 1.7 10 inches Explosion

5 200 10 Unfocused No Change

5 200 10 5 inches Explosion

5 390 10 Unfocused No Change
5 390 10 5 inches D i e l e c t r i c  Breakdown

7 97 1.6 10 inches D i e l e c t r i c  Breakdown

7.5 390 10 5 inches D i e l e c t r i c  Breakdown
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Table  V 

C3Hg/A i r  Combustion

Total
P res su re  Laser Power

Fuel (35) ( t o r r ) ( Jou le s ) Focal Lenqth Resu l ts

1.1 100 1 .8 10 inches D i e l e c t r i c  Breakdown
2.5 100 1.6 10 inches Explosion
3 100 1 .8 10 inches Explosion
3 102 2.1 10 inches Explosion

3.1 103 1.2 10 inches Explosion
3 .2 100 1.5 10 inches Explosion
3.3 108 1 .8 10 inches Explosion
3.4 105 1.1 10 inches Explosion
3.7 100 1.8 10 inches Explosion
4 100 1.6 10 inches Explosion
6 .2 192 1 .5 10 inches Explosion
8 200 1.7 10 inches D i e l e c t r i c  Breakdown



Table VI

CgHg/Air Unfocused With Brass Metal

Fuel (%) Total  P ressu re  ( t o r r )  R esu l ts

1 55 D i e l e c t r i c  Breakdown
3 .3  55 Explosion
5 52 D i e l e c t r i c  Breakdown
5 99 Explosion
6 102 Explosion
7 101 Explosion
8 .2  101 D i e l e c t r i c  Breakdown



i n f r a r e d  spectrum o f  a CgHg/ai .rmixture i s  shown in Figure  1 f o r  both 

b e fo re  and a f t e r  combustion.  Mass s p e c t r a l  analys is ,  was done on a 

s e r i e s  o f  CH^/air  mixtures  f o r  " l e a n , "  " r i c h , "  and s t o i c h i o m e t r i c  

m ix tu res .  The r e s u l t s  a re  summarized i n  Table  VII .  As a comparison 

t o  l a s e r  i g n i t i o n ,  combust ib le  mixtures  were a l s o  i g n i t e d  using a spark  

plug (Champion L76V) in  con junc t ion  with a b a t t e r y ,  c o i l ,  and a sw i tch .  

Table  VIII gives  th e  r e s u l t s  o f  spark emission  f o r  CH^/air  m ix tu res .

In  comparing the  r e s u l t s  o f  l a s e r  and spark  i g n i t i o n ,  one sees  t h a t  the  

r e s u l t s  a re  s i m i l a r  with only one n o tab le  d i f f e r e n c e .  In a l l  c a s e s ,  

the  l a s e r - i g n i t i o n  co n ce n t ra t io n  o f  NO i s  lower than t h a t  o f  th e  sparkA
combustion.

The i n t e n s e  l i g h t  t h a t  accompanied the  combustion was s tu d i e d  using 

the  OMA-2 system. In a l l  m ix tu r e s ,  t h e r e  was a very i n t e n s e  peak a t  

588 nm a n d , f o r  the  hydrocarbon fuel m ix tu re s ,  t h e r e  was ano the r  peak 

f u r t h e r  to  th e  blue  a t  431 nm. The i n t e n s i t y  o f  th e  "blue"  peak seemed 

to  be governed by the number o f  carbons in  the  hydrocarbon, i n c re a s in g  

with a d d i t i o n a l  carbons.  Figures  2-5 show the  v i s i b l e  emission spectrum 

o f  th e  d i f f e r e n t  mix tures  s t u d i e d .  Since th e  peak a t  588 nm was th e  

dominant one in the  spec trum, i t s  i d e n t i f i c a t i o n  i s  o f  prime importance .  

Both H g /a i r  and Hg/Og mix tures  gave th e  same emission proving t h a t  the  

peak was no t  due to  N2 , NO, N02 , e t c .  In o r d e r  t o  t e s t  f o r  the  

p o s s i b i l i t y  o f  i t s  being H02 , a mix ture  o f  deuter ium and oxygen was 

i g n i t e d .  This  spectrum i s  shown in F igure  6.  The emiss ion i s  not 

a t  a l l  s h i f t e d  from the  H2/ 0 2 mix ture  p rec lud ing  th e  p o s s i b i l i t y  o f  the  

peak being due to  hydrogen a lone  o r  a hydrogen-oxygen s p e c i e s .  We, 

t h e r e f o r e ,  concluded t h a t  the  emission a t  588 nm i s  probably due to  

ozone!1.
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Table V II

CH4/ A i r

One Atmosphere Total  P res su re  

Laser  I g n i t i o n

I n i t i a l  Sample
C oncen tra t ion  Final Sample Composit ion3

CH4/ A i r C02 CO ch4 C2H6 N0X

8.63! 9 .6 0 .2 0 .2 NDb 0.005

9 . 5 % 9 .8 0 .3 0 .2 NDb 0.005

10.5% 7.3 5.0 0.17 NDb < 0.005

a Analyzed using Gas Chromatography and Mass Spec troscopy.  
Each sample r e p re se n t s  the  average o f  a t  l e a s t  5 runs .

b Not d e t e c t e d ;  l e s s  than 50 ppm.



Table V I I I

CH4/A1r

One Atmosphere Total  P res su re  

Spark I g n i t i o n

I n i t i a l  Sample
Concentra t ion  Final Sample Composition

CH4/A i r co2 CO ch4 C2H6 N0X

8.6% 9.1 NDb 0.11 NDb 0.027

9.5% 10.4 NDb 0.13 NDb 0.091

10.5% 8 .9 2 .6 0.12 NDb 0.017

a Analyzed us ing  Gas Chromatography and Mass Spec troscopy.  Each 
sample r e p re se n t s  the  average o f  a t  l e a s t  5 runs .

b Not d e t e c t e d ;  l e s s  than 50 ppm.
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The emission a t  4314 A i s  probahly  due to  CH r a d i c a l s  found during 

i g n i t i o n  and , t h e r e f o r e ,  i t  in c re a s e s  in  i n t e n s i t y  as. t h e  number o f  

carbons and hydrogens a re  i n c re a se d .

The peak a t  516 nm can be a t t r i b u t e d  t o  C2 r a d i c a l s  which 

should  a l s o  in c re a s e  in  i n t e n s i t y  as t h e  number o f  carbons a re  

in c re a s e d .

f
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DISCUSSION

From th e  p o in t  o f  view o f  t h e i r  t e ch n o lo g ica l  and economical 

p o s i t i o n  in  our  i n d u s t r a l i z e d  s o c i e t y ,  t h e  o x id a t io n  r e a c t i o n  o f  

tydrocarbons  a re  o f  prime importance .  P a r a l l e l  to  the  u t i l i t y  o f  th e se  

r e a c t io n s  and o th e r  a s s o c i a t e d  chain  r e a c t i o n s  i s  t h e i r  chemical 

complexity and the  m u l t i tude  o f  unique phenomena a s s o c i a t e d  with t h e i r  

k i n e t i c  behav ior .

Few r e a c t io n s  have been s tu d i e d  as e x t e n s iv e ly  as th e  c l a s s i c a l
£

r e a c t io n  o f  hydrogen and oxygen . This  r e a c t i o n ,  due to  i t s  r e l a t i v e  

chemical s i m p l i c i t y ,  has served  as a p ro to type  and proving ground f o r  

theor ies ,  o f  branching chain ex p lo s io n s .  To summarize, the  r e s u l t s  o f  

Hg/Og r e a c t io n  show th a t ,  in the  range o f  400°to  600°C, t h e r e  i s  a 

branching  chain exp los ion  r e p l e t e  w i th  t h r e e  exp los ion  l i m i t s .  Table 

IX summarizes the  thermodynamic da ta  f o r  t h e  s p e c ie s  known to  e x i s t  in 

a r e a c t i n g  mix ture  o f  H2 and 0 2 in  t em pera tu re  range 400° t o  600°C. The 

s im p le s t  k i n e t i c  scheme which can be used to  account f o r  both the  

exp los ion  l i m i t s  and the  s t a t i o n a r y - s t a t e  r e a c t i o n  i s  t h e  fo l low ing :

I n i t i a t i o n  H2 + wall  -*■ W«H + H

Propogation: H + 02 HO + 0 -1 5 .3  kcal

0 + H2 + HO + H 

HO + H2 + HOH + H +13.8 kcal

+1 kcal

Chain T r a n s fe r :  H + 02 + M -»■ H02 + M +40 kcal

Terminat ion:  H + wall  -»■ s t a b l e  sp ec ie s

H02 + wall  ■+ s t a b l e  spec ie s  

HO + wall  -> s t a b l e  sp ec ie s



Table IX

Thermodynamic Data For Species  o f  Importance in  th e  System

2H2 + 02 2H20 {Gas Phase)

Species
Hf

(kcal/mole )
S°

P
(cal/mole*K) , c >(cal/mole*K)

H2 0.00 31.2 4.97

°2 0.00 49.0 7.02

h2o -5 7 .8 45.1 8 .03

H2°2 -3 1 .8 54 8.5

°3 34.0 56.8 9.12

H 52.1 27.4 4.97

0 59.2 38.5 5.24

HO 8.0 43.9 7.14

H0? 12 56 8 .5

Data from Nat ional Bureau o f  S tan d a rd s ,  C i r c .  500



The s t a b l e  species,  r e f e r r e d  to  in  t h e  te rm in a t io n  reac t ions ,  a re  

presumed to  a r i s e  from t h e  r e a c t i o n s  o f  t h e  atoms and f r e e  rad ica ls ,  w i th  

s i m i l a r  s p ec ie s  a l re ady  absorbed a t  t h e  w a l l .  Thus,  i f  H atoms a re  

adsorbed on a c t i v e  s i t e s  on th e  w a l l ,  they  can produce H2 with  more H 

atoms o r  HgO with  OH o r  H2 + 02 from H02 .

Hydrocarbon o x id a t io n s  a r e  cons ide rab ly  more complex than i t s  

hydrogen c o u n te r p a r t  due in  p a r t  to  the  f a c t  t h a t  f r e e  r a d i c a l s  can 

c a t a ly z e  the  c rack ing  r e a c t io n  o f  hydrocarbons.  Although th e r e  i s  no 

d i r e c t  in format ion  on the  method o f  i n i t i a t i o n  o f  r a d i c a l s  in  th e  

combustion r e a c t i o n ,  th e re  seems to  be f a i r l y  general  agreement on th e  

r e a c t io n

RH + 02 R + H02

i . e . ,  an a b s t r a c t i o n  o f  an H atom.

Given the  preceding d i s c u s s io n ,  i t  i s  reasonab le  to  assume t h a t  

l a s e r - i g n i t i o n  should a t  l e a s t  i n i t i a l l y  undergo a s i m i l a r  mechanism 

as thermal exp los ion .  That i s ,  one would expect t h a t  t h e  energy o f  the  

l a s e r  can s t r i p  a hydrogen atom from the  hydrocarbon to  i n i t i a t e  the  

combustion.  However, i t  i s  not p e r f e c t l y  c l e a r  as to  how th e  ou tpu t  

o f  the  l a s e r  can achieve  t h i s  r e s u l t  given t h a t ,  in  the  many cases  we 

s t u d i e d ,  th e re  was no resonan t  abso rp t ion  of  th e  l a s e r  energy s in c e  the  

gases  involved d id  not have an i n f r a r e d  v ib r a t i o n a l  f requency t h a t  

matched th e  C02 l a s e r  frequency.

In o rd e r  t o  exp la in  t h i s  phenomenon, we must review s h o r t l y  some 

o f  t h e  ideas  o f  l a s e r  induced d i e l e c t r i c  breakdown d iscussed  in  the  

previous  chap te rs .  For many y e a r s ,  i t  has been known t h a t  the  focused
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ou tpu t  o f  a l a s e r  can Induce a spark  in  gases .  The plasma formed has 

heen found t o  be r i c h  in i o n i c ,  n e u t r a l ,  and r a d ic a l  sp ec ie s  dependent 

on th e  gas s t u d i e d .  The accep ted  t h e o r e t i c a l  exp lan a t io n  o f  the  

fo rmation  o f  t h i s  plasma i s  t h a t  an exo e lec t ro n  i s  a c c e l e r a t e d  by the  

l a s e r  v ia  in v e r s e  Brehmsstralung and then v ia  an ava lanche- type  e f f e c t  

producing a c r i t i c a l  e l e c t r o n  d e n s i ty  which can io n iz e  th e  gas .  This  

e f f e c t  a l lows the  use o f  l a s e r  chemistry  even in  gases where t h e r e  i s  

no resonan t  a b so r p t io n .  Extens ive  s tu d i e s  on a v a r i e t y  o f  gases have 

shown t h a t  each gas i s  ion ized  a t  a g iven  p re s su re  f o r  a given l a s e r  

power. Though no one f a c t o r  can be s in g l e d  out as th e  reason f o r  

plasma fo rm at ion ,  a s tudy  o f  a s e r i e s  o f  f luoromethanes  has shown t h a t  

th e  p re s su re  f o r  ach iev ing  d i e l e c t r i c  breakdown a t  a given power seems to  c o r ­

r e l a t e  f a i r l y  well with the  i o n i z a t i o n  p o t e n t i a l  o f  th e  molecule7 . With 

t h i s  in mind, I w i l l  now proceed to  d i s cu s s  what I b e l i e v e  t o  be the  

mechanism o f  l a s e r  i g n i t i o n .

Using CgHg/air  m ix tu res  as an example and by r e f e r r i n g  to  Table  IV, 

we note  t h a t  l a s e r  i g n i t i o n  can be achieved in th e  range o f  3 %  t o  8 %  

fu e l  co n ten t  a t  a t o t a l  p re s su re  o f  100-300 t o r r .  At lower fue l  

r a t i o s ,  t h e r e  was o f t e n  no r e a c t io n  w h i l e ,  above those  r a t i o s ,  t h e r e  

was only d i e l e c t r i c  breakdown w i th o u t  combustion.  The e x p lana t ion  of  

th e se  ob se rv a t io n s  i s  t h a t ,  in  o rd e r  to  have i g n i t i o n ,  a s u f f i c i e n t  

number o f  hydrogen atoms must be formed t o  i n i t i a t e  the  chain  r e a c t i o n s .

The H atoms a r e  formed v ia  the  usual d i e l e c t r i c  breakdown in  t h e  gas 

mix ture .  A f t e r  th e  H atom fo rm at ion ,  th e  usual chain r e a c t io n  takes  

p lace .  Below th e  c r i t i c a l  fue l  p r e s s u r e ,  we do not form enough H atoms 

to  i n i t i a t e  th e  cha in .  Since th e  l a s e r  o u tp u t  i n t e r a c t s  with both the  

fue l  and a i r  in  the  m ix tu r e , i n c r e a s in g  t h e  t o t a l  p re s su re  does not
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s i g n i f i c a n t l y  decrease  th e  exp los ion  l i m i t s .

The d i f f i c u l t y  in  us ing the  above ex p lan a t io n  f o r  th e  i g n i t i o n  

mechanism l i e s  in  th e  f a c t  t h a t ,  above a c e r t a i n  fu e l  r a t i o ,  i g n i t i o n  

i s  i n h i b i t e d  and only d i e l e c t r i c  breakdown o ccu rs .  One might expec t  

t h a t ,  by in c re a s in g  the  hydrocarbon c o n t e n t ,  one i n c r e a s e s  H atom 

product ion  which should make f o r  more e f f i c i e n t  combustion.  To exp la in  

t h i s  d i sc rep an cy ,  we must remember t h a t  we a r e  no t  on ly  producing more

H. atoms bu t  o th e r  i o n i c ,  n e u t r a l ,  and r a d i c a l  sp ec ie s  as w e l l .  In  f a c t ,  

t h e  production  o f  th e se  o t h e r  s p e c i e s  w i l l  a c t u a l l y  h in d e r  the  combus­

t i o n  process r a t h e r  than he lp  i t .  Fur thermore ,  t h i s  s i t u a t i o n  i s  e x a c t ly  

the  same as  t h a t  found in  conventional spark i g n i t i o n  as shown in  

Table  X.

F u r th e r .p r o o f  o f  t h i s  exp lan a t io n  can be seen by th e  f a c t  t h a t ,  

a t  c e r t a i n  p r e s s u r e s ,  l a s e r  combustion was achieved  by focus ing  w i th  a 

10" lens  bu t  no t  w i th  a 5" lens,. By us ing a 10" l e n s ,  we have a 

" s o f t e r "  focus ing  s i t u a t i o n  where we have m i ld e r  c o n d i t io n s  w i th  th e  

plasma. T h e re fo re ,  we do not i n h i b i t  the  e x p lo s iv e  r e a c t i o n .  On th e  o th e r  

hand, with a 5 "  l e n s ,  th e  c o n d i t io n s  a r e  more seve re  and we may, in 

f a c t ,  produce too many io n ic  s p ec ie s  which i n h i b i t  t h e  combustion 

r e a c t io n  and in s t e a d  we o b ta in  a t y p i c a l  d i e l e c t r i c  breakdown.

In o rd e r  t o  prove f u r t h e r  t h a t  l a s e r  i g n i t i o n  i s  i n i t i a t e d  v ia  an 

e l e c t r o n  spark mechanism s i m i l a r  to  d i e l e c t r i c  breakdown, experiments 

were done using  the  l a s e r  in  an unfocused c o n f i g u r a t i o n .  In a l l  c a s e s ,  

in  o rd e r  to  i n i t i a t e  d i e l e c t r i c  breakdown in  a g a s ,  t h e  l a s e r  must be 

focused . The reason f o r  t h i s  i s  because ,  w i th o u t  fo c u s in g ,  the  e l e c t r o n  

d e n s i t y  i s  not l a rg e  enough, to  i n t i a t e  plasma fo rm at ion .  Even f o r  th e  

case  o f  i ron  carbony l ,  which has one o f  the  lowest  t h r e s h o ld s  f o r
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Limits

Table X 

o f  Inflammabil i t y a

Compound Lower Limit Upper Limit

CH4 5.00 15.00

C2H6 3.00 12.50

O 00 2 .12 9.35

C4H10 1.86 8.41

C5H12 1.40 7.80

All l i m i t s  a t  a tmospheric  p re s su re  and 
room temperature  f o r  upward propagation 
in  a tube  o r  bomb 2 inches  o r  more in 
d iameter .  Values a re  on a percentage  
by volume b a s i s .

Taken from U. S. Bureau Mines Tech. Paper 
No. 544, 1933.
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o
breakdown , an unfocused beam w i l l  n o t  i n i t i a t e  breakdown even a t

e l ey a te d  p r e s s u r e s .  S im i la r  r e su l t s ,  were found in  our s tudy o f  l a s e r

i g n i t i o n .  A cursory  glance  a t  Tables  I-V shows t h a t ,  w i thou t  fo cu s in g ,

we w e re  unable  to  i n i t i a t e  combustion.  In those  cases  where the

beam was no t  p e r f e c t l y  a l ig n ed  and i t  was allowed t o  s t r i k e  the  s u r f a ce

o f  th e  c e l l ,  t h e r e  was su cce ss fu l  i g n i t i o n  in  c e r t a i n  i n s t a n c e s .  This

too i s  c o n s i s t e n t  with our n o t io n ,  f o r  i t  i s  known t h a t  im p u r i t i e s

in  the  c e l l  a r e  e a s i l y  ion ized  which can lead to  the  spark necessa ry  
q

f o r  i g n i t i o n  . Fur thermore,  when a t h in  s l i c e  o f  metal was placed in 

t h e  c e l l  and the  beam was passed ac ro ss  i t ,  i g n i t i o n  was observed 

w i th o u t  focus ing .  The metal served  to  provide  a convenient source  o f  

e l e c t r o n s  which,  when a c c e l e r a t e d  by th e  beam, produced the  necessary  

ayalanche to i n i t i a t e  the  spark .

The above d i s c u s s io n  seems t o  c l e a r l y  show t h a t  l a s e r  i g n i t i o n  

proceeds v ia  a d i e l e c t r i c  breakdown type  mechanism. In f a c t ,  l a s e r  

combustion i s  a d i r e c t  ex tens ion  o f  d i e l e c t r i c  breakdown ap p l ied  t o  a 

combustible  mixture .  We s h a l l  now tu rn  our d i scu ss io n  towards the  o th e r  

i n t e r e s t i n g  a spec ts  o f  l a s e r  i g n i t i o n ,  namely the  combust ib le  l i m i t s ,  

product fo rm at ion ,  and v i s i b l e  sp ec t ro sc o p ic  s t u d i e s .

One o f  th e  more i n t e r e s t i n g  f in d in g s  in our study on l a s e r  

i g n i t i o n  revolves  around th e  a i r - t o - f u e l  r a t i o  (A/F) necessa ry  f o r  

success fu l  combustion.  A ty p ic a l  automobile engine having a s tandard  

spark  i g n i t i o n  system i s  u su a l ly  run a t  an A/F r a t i o  o f  15 :1^.  In f a c t ,  

above r a t i o s  o f  22 :1 ,  spark  i g n i t i o n  w i l l  no t  occur .  By c o n t r a s t ,  our 

s tu d i e s  i n d i c a t e  t h a t  l a s e r  i g n i t i o n  i s  success fu l  even a t  r a t i o s  as 

l a rg e  a 33:1 .  This ex tens ion  o f  t h e  l a s e r  l i m i t  o f  o p e ra t io n  can be 

a t t r i b u t e d  to  the  h ighe r  spark energy o f  the  l a s e r .  The t o t a l  energy



o u tp u t  o f  t h e  l a s e r  was between 1 and 2 J o u le s  wiith a peak power o f  

approximate ly  1 megaWatt in  about 1 microsecond. The f a c t  t h a t  our 

p u ls e  d u ra t io n  i s  about 1/1000 the  d u ra t io n  o f  a s tan d a rd  spark  a l so  

should  a llow f o r  a more r a p id  p re s su re  r i s e  f o r  th e  l a s e r  system. 

Indeed ,  p r e s su re  r i s e  .measurements done on a s e r i e s  o f  CH^/air  

combustions show t h a t ,  in  a l l  c a s e s ,  th e  r i s e t i m e  o f  the  l a s e r  i g n i t e d  

s ig n a l  i s  s i g n i f i c a n t l y  f a s t e r  than spark  i g n i t i o n .  A lso ,  th e  o nse t  

o f  the  p re s su re  wave comes more qu ick ly  and th e  maxima achieved i s  

much h ig h e r  f o r  l a s e r  i g n i t i o n .  I t  was a l s o  found t h a t , b y  in c re a s in g  

th e  f lu en ce  o f  the  l a s e r ,  even s t ro n g e r  maxima can be a t t a i n e d .  These 

f in d i n g s  o f  a h ig h e r  and more rap id  r i s e  in  p re s su re  us ing  the  l a s e r  

should  lead to  a b e t t e r  performance of  an engine and a l s o ,  o bv ious ly ,  

a l lows f o r  g r e a t e r  o v e ra l l  fu e l  economy.

In our  i n d u s t r i a l i z e d  s o c i e t y ,  we have come to  expec t  t h a t  new 

technology o f t e n  leads  t o  s e r io u s  environmenta l  problems. On o f  the  

g r e a t e s t  o f  th e se  problems involves  the  exhaus t ing  o f  p o l l u t a n t s  such 

as carbon monoxide (CO), hydrocarbon (HC), and n i t ro g en  oxides  (NO ) by■A

automobile  engines .  In th e  case  o f  n i t r o g en  o x id e s ,  a sea rch  o f  the  

a v a i l a b l e  l i t e r a t u r e  f a i l s  to  exp la in  why normally n o n re a c t iv e  N2 

manages, with  no known c a t a l y s t ,  to  combine with 02 to  form th e  oxide 

on th e  o r d e r  o f  seve ra l  hundred ppm. As i s  o f t e n  th e  c a s e ,  we mus.t 

accep t  the  exper imental  f in d in g s  and t r y  to  improve on them even though 

t h e r e  i s  no sound t h e o r e t i c a l  base f o r  th e se  f i n d i n g s .  I s h a l l  now 

summarize some o f  the  fundamentals and then d e sc r ib e  how in d u s t r y  i s  

t r y i n g  to  cope with emission s t an d a rd s .

Emissions w i th in  the  engine a re  formed when th e  hydrocarbon fue l  

i s  burned incomple te ly  t o  HC and CO in  t h e  e n g in e ' s  combustion chamber.



I d e a l l y ,  th e  fue l  and oxygen in  th e  a i r  e n t e r in g  the  chamber y i e l d  

harmless exhaust  p ro d u c ts ,  i . e . ,  carbon d io x id e ,  w a te r  yapo r ,  and 

I n e r t  n i t r o g e n .  But th e  g e n e ra t io n  o f  t h e  p o l l u t a n t s ,  CO, HC, and 

NO (mainly NO), i s  a func t ion  o f  th e  r e l a t i v e  amounts o f  a i r  and 

f u e l .  At h i g h a i r - f u e l  (A/F) r a t i o ,  CO and HC emission a re  decreased  

because of  t h e  g r e a t e r  q u a n t i t y  o f  oxygen a v a i l a b l e  f o r  combustion.

NQV, on th e  o t h e r  hand, i s  an exponent ia l  f u n c t io n  o f  f lame tem pera tu re ..n

At low tem pera tu re ,  n i t ro g en  and oxygen from th e  a i r  w i l l  not u n i t e  to  

form s i g n i f i c a n t  concen t ra t ions  o f  NO. Low tem pera tu re  i s  achieved a t  

A/F mix tures  r i c h e r  and le a n e r  than th e  optimum because  o f  th e  

e f f e c t  ex er ted  by unburned fue l  in the  former case  and th e  excess  a i r  

i n  the  l a t t e r .  Optimum burning w i th in  th e  e ng ine ,  which i s  c l o s e r  to  

t h e  s to i c h io m e t r i c  p o i n t ,  r e s u l t s  in  th e  g r e a t e s t  c o n ce n t r a t io n  o f  NO 

formed (F igure  7 ) .  In o rder  to  c on t ro l  the  emission o f  HC and CO, high 

exhaus t  gas temperatures  a re  needed. However, lower exhaus t  tem pera tures  

would in c rease  fue l  economy and d ecrease  NO p roduc t ion .  To r e so lv e  

th e se  perp lex ing  problems, d i f f e r e n t  devices  such as c a t a l y t i c  

conver te r s  and exhaus t gas r e c i r c u l a t i o n  (EGR) systems came in to  be ing .  

These devices t r y  to  con t ro l  exhaus t  p o l l u t a n t s  by conve r t ing  them to  

harmless products  and lower peak combustion tem pera ture  by use o f  i n e r t  

gases .  These tech n o lo g ica l  advances in tu r n  caused a h o s t  o f  o th e r  

problems. Some o f  these  i n c l u d e  th e  poisoning o f  c a t a l y t i c  co n v e r te r s  

by leaded g a s o l i n e ,  the  o x ida t ion  o f  s u l f u r  to  s u l f u r  d iox ide  and 

e v en tu a l ly  to  s u l f u r i c  a c id  and th e  p o s s ib l e  t o x i c i t y  o f  some o f  the  

c a t a l y s t s  themselves to  name hut a few^°.

I  b e l i e v e  t h a t  our p re l im ina ry  r e s u l t s  on th e  use o f  a l a s e r  f o r  

combustion i n i t i a t i o n  should lead  to  a g r e a t e r  i n t e r e s t  in  th e  use of  

t h e  l a s e r  as a combustion t o o l .  Our r e s u l t s  i n d i c a t e  t h a t  l a s e r
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I g n i t i o n  can be achieved In l e a n e r  jn ix tures  than conventional sparks  

which can lead  to  b e t t e r  fu e l  economy. Moreover, our  experiments seem 

t o  i n d i c a t e  t h a t  l a s e r  combustion r e s u l t s  in  lower N0X formation than 

spark  i g n i t i o n .  This  f i n d i n g  can p o s s ib ly  be expla ined by remembering 

t h a t  t h e  i n t e n s e  l a s e r  energy  i s  depos i t ed  in  th e  sample in  l e s s  than 

a microsecond which may n o t  a l low s i g n i f i c a n t  amounts o f  NÔ  to  be 

formed. By c o n t r a s t ,  th e  sp a rk s  used in  combustion a re  on the  o rder  o f

seve ra l  m i l l i s e c o n d s .  I t  i s  p o s s i b l e  t h a t ,  with th e  advent o f  even

s h o r t e r  l a s e r  p u lses  on t h e  o r d e r  o f  p icoseconds ,  even le s s  NÔ  may be 

formed. A lso ,  by us ing l e a n e r  m ix tu r e s ,  more complete combustion can be 

o b ta in ed  th e re b y  reducing t h e  amounts o f  HC emiss ions .  On the  o th e r  

hand, t h e r e  a r e  a l s o  some ohvious drawbacks to  the  use o f  l a s e r s  in  

combustion.  One o f  t h e s e  would be th e  power consumption necessary to  

d r i y e  an eng ine .  Assuming t h a t  0 .5  J o u l e s / p u l s e  i s  consumed f o r  

i g n i t i o n ,  a l a s e r  i g n i t i o n  system f o r  a 6 c y l in d e r  engine running a t  

2400 rpm uses  abou t  60 W o f  pu lsed  l a s e r  power. Generating t h i s  power 

w i th  a system o f  10% e f f i c i e n c y  would r e q u i r e  600 Watts o r  about 

8 horsepower.  However, w i th  th e  con t inu ing  advances in l a s e r  technology, 

t h i s  power consumption may be reduced.

F i n a l l y ,  we s h a l l  now t u r n  t o  t h e  sp ec t ro s c o p ic  s tu d ie s  o f  the

t r a n s i e n t  s p e c ie s  produced du r in g  i g n i t i o n .  As descr ibed  e a r l i e r ,  these

s t u d i e s  were done using the  0MA system, a l lowing f o r  complete i d e n t i ­

f i c a t i o n  o f  v i s i b l e  emissions  w i th  one l a s e r  p u l s e .  Unfor tunate ly ,  

t h e s e  s p e c t r a  were no t  as r i c h  as one might have hoped. The in tense  

v i s i b l e  l i g h t  accompanying t h e  combustion only gave r i s e  to  the  two 

major peaks in  th e  s p e c t r a .  The CH r a d i c a l s  formed a re  c o n s i s t e n t  with 

t h e  fo rm at ion  o f  such r a d i c a l s  in  the  d i e l e c t r i c  breakdown o f  any
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number o f  hydrocarbon s p e c i e s .  In c o n t r a s t  to  th e  d i e l e c t r i c  breakdown 

o f  hydrocarbons ,  t h e  combustion d id  no t  show any v i s i b l e  emission from 

atomic  s p e c i e s  e i t h e r  n e u t r a l  o r  charged. In t h e  p rev ious  c h a p t e r ,  we 

summarized t h e  em iss ion  s p e c t r a  o f  many molecules  a f t e r  d i e l e c t r i c  

breakdown a l s o  u s ing  t h e  OMA system. As one can s e e ,  th e  emission  spec­

trum i s  much c l e a n e r  in  th e  combustion case  than  in  t y p i c a l  breakdown.

The peak a t  588 nm i s  q u i t e  perp lex ing  and seems to  elude 

i d e n t i f i c a t i o n .  At b e s t ,  we can conclude t h a t  i t  i s  probably ozone 

which has a band a t  t h a t  w a v e le n g th ^  or  p o s s ib ly  KOg. R ega rd les s ,  the  

r i s e  and f a l l  t im e  o f  t h i s  peak, does not d i f f e r  c o n s id e rab ly  from t h e  

t y p i c a l  s i g n a l  o f  a  h igh  p re s su re  luminescence which o f t e n  accompanies 

C02 l a s e r  d i s s o c i a t i o n .

R ec e n t ly ,  r e s e a r c h e r s  have tu rned  to  i n f r a r e d  f lu o r e s c en c e  as a
12to o l  In  t h e  s tu d y  o f  s imple  chain  r e a c t i o n s .  N e s b i t t  and Leone have 

used t h i s  t e ch n iq u e  in  t h e  s tudy  o f  H^/Clg c h a i n  r e a c t i o n s  and o t h e r  

hydrocarbon/Cl2 c h a in s .  T h e i r  r e a c t io n s  a r e  c a r r i e d  o u t  under much more 

c o n t r o l l e d  c o n d i t i o n s  and they  purposely  avoid  o u t r i g h t  e x p lo s io n .  By 

vary ing  t h e  p r e s s u r e  and s tudying  the  r i s e  and f a l l  o f  t h e  i n f r a r e d  

f l u o r e s c e n c e ,  im p o r tan t  in fo rm at ion  i s  ob ta ined  r e g a rd in g  th e  t r a n s i e n t s  

i n  t h e s e  complex r e a c t i o n s .  When we t r i e d  to  apply  t h i s  te chn ique  to  

combustion r e a c t i o n s  us ing  an InSb d e t e c t o r ,  th e  s ig n a l  was so in te n s e  

t h a t  t h e  d e t e c t o r  was comple te ly  s a t u r a t e d .  We a l so  t r i e d  to  look f o r  

luminescence a t  1 .6  microns i n  th e  near  i n f r a r e d  us ing  a Ge d e t e c t o r .

At t h i s  w aveleng th ,  HO,, i s  expected to  em i t .  However, in  our  

combustion s t u d i e s ,  no luminescence was d e t e c t e d  a t  t h i s  wavelength .

I n  c o n c lu s io n ,  t h e  s p e c t r o s c o p i c  s tu d i e s  o f  combustion show t h a t  CH 

r a d i c a l s ,  0 3 , and p o s s i b l e  H02 r a d i c a l s  a r e  formed in  th e  p rocess .
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These r a d i c a l s  a re  expected to  play an impor tan t  r o l e  in  combustion 

p rocesses  b u t  no p a r t i c u l a r  dependence was found on t h e  hydrocarbon 

o r  p re s su re  used in  t h e  formation o f  th e se  t r a n s i e n t s .

i
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CONCLUSION

The combustion s t u d i e s  r e p o r te d  he re  have e s t a b l i s h e d  some 

in format ion  about l a s e r  i g n i t i o n ,  namely,  t h a t  the  l a s e r  w i l l  r e a d i l y  

i g n i t e  a range o f  combust ible m ix tu re s ,  t h a t  the  l a s e r  w i l l  i g n i t e  

lean  m ix tu res ,  t h a t  the  l a s e r  may g ive  lower NO c o n c e n t r a t i o n s ,  andA
t h a t  the  l a s e r  g ives  r i s e  to  a more rap id  flame speed.

I n t e r e s t  in  th e  l a s e r  as  a too l  in  combustion s t u d i e s  w i l l  be 

g r e a t l y  f a c i l i t a t e d  as new l a s e r  systems become a v a i l a b l e  where the  

energy per pu lse  req u i red  f o r  breakdown i s  s i g n i f i c a n t l y  reduced. A lso ,  

s h o r t e r  l a s e r  pu lses  and b e t t e r  focus ing  systems should a l s o  le ad  to  

t h e  g r e a t e r  uses o f  l a s e r s  in the  combustion f i e l d .
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