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Abst rac t

co2- laser INDUCED IER AND CHEMISTRY OF CHROMYL CHLORIDE

by

Jaime Neiman

Adviser:  P ro fesso r  A. M. Ronn

High o rde r  C02- l a s e r  mul tiphoton e x c i t a t i o n  in the  ground e l e c t r o n i c  

s t a t e  o f  c o l l i s i o n - f r e e  Cr02Cl2 has r e s u l t e d  in  v i s i b l e  f luo rescence .

The prompt f luorescence  has been s tu d ied  as a func t ion  o f  l a s e r  

f lu e n c e ,  pulse d u ra t io n ,  under c o l l i s i o n a l  and c o l l i s i o n - f r e e  cond i t ions  

and was shown to  a r i s e  from a spontaneous one-photon r a d i a t i v e  decay of  

molecular  e i g e n s t a t e s .

In t ram olecu la r  scrambling o f  v ibron ic  l e v e l s  corresponding to  the  

ground s t a t e  e l e c t r o n i c  manifold with a d i s c r e t e  l e v e l ( s )  belonging to  the  

low ly ing  ex c i t ed  e l e c t r o n i c  s t a t e  i s  be lieved  to be the  o r i g i n  o f  such 

e i g e n s t a t e s .  A th e o r e t i c a l  model based on t h i s  d e sc r ip t i o n  i s  analyzed.

I t  i s  shown t h a t  the  long r a d i a t i v e  l i f e t i m e  o f  the  observed Cr02Cl2 

emission i s  c o n s i s t e n t  with t h i s  i n t e r p r e t a t i o n .  Molecular requirements  

fo r  observa t ion  o f  t h i s  novel reve rse  i n te rn a l  conversion process in o th e r  

molecular  systems a re  sugges ted .

The f l u o r e s c e n t  channel i s  shown to  compete with a d i s s o c i a t i v e  

channel forming CrOgCl + Cl; the  rad ica l  f u r t h e r  d i s s o c i a t e s  to  the  s t a b l e  

product  CrOg. The th re sh o ld  f o r  f luo rescence  versus  d i s s o c i a t i o n  i s  

d iscussed  and a branching r a t i o ,  and a consequent chemical mechanism i s  

sugges ted .  The molecular and l a s e r  parameters involved in  t h i s  compet it ion  

a re  a l so  d iscussed  w i th in  the  framework o f  the  accepted model o f  i n f r a r e d  

mul tiphoton e x c i t a t i o n .
i i i
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INTRODUCTION

The growth o f  l a se r - In d u ce d  chem is t ry  in  the  l a s t  ten  years  has 

been remarkable .  Countless  number o f  r e a c t i o n s  have now been achieved 

with  the  use o f  the  l a s e r .  Perhaps th e  b e s t  evidence o f  the  rap id  

development o f  t h i s  f i e l d  i s  th e  c o u n t l e s s  number o f  review a r t i c l e s  

(1 -5 ,  f o r  example).  Whether t h i s  boom has r e s u l t e d  from the  d iscovery  

o f  i so tope  s e p a ra t io n  via  mul tiphoton pumping ( 6 , 7 ) ,  the  hope,  as y e t  

not r e a l i z e d ,  o f  b o n d - s p e c i f i c  ch em is t ry ,  the  sy n th e s i s  o f  new and 

novel compounds, o r  the  p r o j e c t io n  o f  more e f f i c i e n t l y  produced 

i n d u s t r i a l  chemica ls ,  the  r e s u l t  i s  th e  same--namely,  exponent ia l  growth.

What makes the  l a s e r  unique? As i t s  name implies  ( l a s e r  i s  an

acronym fo r  l i g h t  a m p l i f i c a t i o n  through s t im u la te d  emission o f

r a d i a t i o n ) ,  the  l a s e r  i s  an a m p l i f i e r  o f  l i g h t .  Very high powers ( KW)
o

and very  high i n t e n s i t i e s  (GW/cm ) can be achieved r o u t i n e l y  with 

p re sen t -day  l a s e r s .  In a d d i t i o n ,  the  l a s e r  possesses  two o th e r  

c h a r a c t e r i s t i c s ,  namely coherence and a high degree o f  d i r e c t i o n a l i t y  

t h a t  makes i t  un ique .  The former al lows one to  design  l a s e r s  with  a 

high degree o f  monochromatic ity .  The l in e w id th  o f  the  l a s e r  r a d i a t i o n  

can be even sm al le r  than those  due to  spontaneous emission from the  

molecules in  th e  l a s e r  medium; t h u s ,  th e  l a s e r  i s  th e  most monochromatic 

source o f  r a d i a t i o n  a v a i l a b l e .  This p r o p e r t y ,  coupled with the  high 

degree o f  d i r e c t i o n a l i t y  and l a r g e  ou tpu t  power, makes th e  l a s e r  ideal  

f o r  s tudy ing  photochemical and photophysical  p ro c e s s e s .

The overwhelming m a jo r i t y  o f  the  r e a c t i o n s  have been performed with 

I n f r a r e d  l a s e r s  and, in  p a r t i c u l a r ,  w ith  the  COg l a s e r .  The l a t t e r  has 

become th e  s tanda rd  tool  o f  the  f i e l d  because o f  i t s  high ou tpu t  power
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(up to  severa l  KW, continuous wave),  high i n t e n s i t i e s  t h a t  are  

ach ievab le  (GW/cm in  pu lses  o f  100 nsec d u r a t i o n ) ,  high e f f i c i e n c y  

(convers ion o f  about 20% o f  pumping power In to  r a d i a n t  power), the  

l a s e r  wavelengths (9 .6  p -  10.6  p) which f a l l  in  the  reg ion  where many 

molecules ab so rb ,  and i t s  r e l a t i v e l y  moderate c o s t  ( t y p i c a l l y  $10,000 

f o r  a home-buil t  one) .  At t h i s  p o i n t ,  i t  i s  worthwhile to  b r i e f l y  

mention what COg-laser induced chemis t ry  e n t a i l s .  There a re  two b as ic  , 

mechanisms by which an i n f r a r e d  l a s e r  induces a chemical r e a c t i o n .  In 

one ,  dubbed l a s e r - in d u c e d  d i e l e c t r i c  breakdown, the  l a s e r  l i g h t  does not 

have to  be resonan t  with any a b so rp t io n  f e a t u r e  o f  the  molecule.  I t  i s  

b e l i e v e d ,  as w i l l  be l a t e r  d i s c u s s e d ,  t h a t  in  t h i s  process i t  i s  the  

high f i e l d s  generated  by the  l a s e r  t h a t  l i t e r a l l y  " r i p  the  molecule 

a p a r t , "  the reby  a llowing a r e a c t io n  to  occur .

The o th e r  mechanism, and the  one which i s  th e  bulk o f  t h i s  work, 

i s  the  on-resonance process  named mul tiphoton abso rp t io n  (MPA). In t h i s  

c a s e ,  the  l a s e r  i s  tuned t o  an a b so rp t io n  f e a t u r e  o f  the  molecule and, 

in the  case  o f  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 ,  i t  must absorb many in f r a r e d  

photons in o rd e r  to  reach the  d i s s o c i a t i o n  l i m i t .

How does the  molecule i n t e r a c t  with the  l a s e r  f i e l d  in  o rde r  to  

d i s s o c i a t e ?  Is  the  p rocess  coheren t  a l l  the  way up the  v i b r a t i o n a l  

l ad d e r?  Is  th e  m u l t iph o to n -ab so rp t io n  process  simultaneous  o r  consecu­

t i v e  ( a l b e i t  very  f a s t ) ?  Does the  energy remain in  the  same v ib r a t i o n a l  

mode o r  i s  i t  r e d i s t r i b u t e d  among a l l  the  modes o f  the  molecule?

These a re  j u s t  some o f  th e  ques t ions  t h a t  chemis ts  and p h y s i c i s t s  

have t r i e d  to  answer.

In t h i s  work, we have t r i e d  to  address  some o f  t h e s e .  In a d d i t i o n ,  

however, we have s tu d ie d  a new process  ( 8 , 9 ) ,  subsequently  named 

Inverse  E le c t ro n ic  R elaxa t ion  ( IER)(10) which,  to  our knowledge, has
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never been de tec ted  b e fo re .  The f i r s t  r e p o r t s  o f  i n f r a r e d  mult i  photon 

d i s s o c i a t i o n  s t a t e d  t h a t  t h i s  process  was accompanied by v i s i b l e  

emission (11-17) .  The e a r l y  exper iments  (11-13) used continuous  wave 

(cw) COg-laser e x c i t a t i o n  and , t h e r e f o r e ,  were thought to  produce 

luminescence by simple h ea t ing  o f  the  sample.  This mechanism, however, 

cannot ex p la in  th e  v i s i b l e  luminescence observed from a pulsed  COg l a s e r  

a t  moderate power l e v e l s .  Much o f  t h i s  molecular  emission  has been 

a t t r i b u t e d  to  r a d ic a l  recombinat ion o r  to  chemical r e a c t i o n  (18-20) .

We, on the  o th e r  hand, have s tu d ie d  the  c o l l i s i o n l e s s  mult iphoton  

d i s s o c i a t i o n  o f  CrOgClg to  y i e l d  CrOg + Cl2 and th e  c o l l i s i o n l e s s  

production  o f  e l e c t r o n i c a l l y  e x c i t ed  CrOgClg. This appears  t o  be the  

f i r s t  in s t a n ce  o f  v i b r a t i o n a l - t o - e l e c t r o n i c  energy  t r a n s f e r  i n  a pa ren t  

molecule e f f e c t e d  via  l a s e r  pumping. The r a r i t y  o f  t h i s  process  seems 

to  r e f l e c t  the  general  r u l e  t h a t  the  ground s t a t e  o f  a molecule 

c o r r e l a t e s  a d i a b a t i c a l l y  with  ground s t a t e  p ro d u c ts .  CrOgClg may be the  

f i r s t  example o f  a c l a s s  o f  molecules  in  which th e  bound e l e c t r o n i c a l l y  

e x c i t e d  s t a t e  i s  lo c a ted  below the  ground s t a t e  d i s s o c i a t i o n  l i m i t .

In what i s  to  fo l low ,  we s h a l l  f i r s t  i n v e s t i g a t e  th e  t h e o r e t i c a l  

b a s i s  f o r  l a s e r  induced mult iphoton  a b so rp t io n  and d i s s o c i a t i o n  (MPD) 

p ro c e sse s .  Armed with  t h i s  background, we s h a l l  d e s c r i b e ,  i n t e r p r e t ,  

and exp la in  the  exper imental  o b se rv a t io n s  o f  th e se  p rocesses  in 

CrOgClg.
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EXPERIMENTAL

The exper im enta l  system was a conventional MPA one . A Rogowski 

type  TEA ( t r a n s v e r s e l y  e x c i t e d  a tmospheric) C02 l a s e r  was used.  This 

hom e-bui l t  (1) l a s e r  was g r a t in g - t u n e d  and , t h e r e f o r e ,  l a s i n g  from most 

o f t h e  r o t a t i o n a l  l i n e s  o f  the  001-02°0 (9 .6  pm) and 001-100 (10.6  pm) 

v i b r a t i o n a l  bands was a v a i l a b l e .  Pu ls ing  o f  t h i s  l a s e r  was accomplished 

w i th  a t r i g g e r  g e n e r a to r  (model 050C, T a c k i s to  I n c . )  in  con junc t ion  with 

a pu lse  t r a n s fo rm e r  (100:1 U.S. S c i e n t i f i c  Ins t rum ents )  and a p re s su r i z e d  

spark  gap (0-30 PSIG, 12-50KV, SG501, T ack is to  I n c . )  (See Figure 1 ) .

Typical  l i n e - s e l e c t e d  e n e r g i e s  of  0.1 J -  2 .5  J pe r  p u ls e  could be 

achieved  with  t h i s  system.  The l a s e r  ope ra ted  on mixtures  of  C02 , He, 

and N2 . In a d d i t i o n ,  t r i e t h y l  amine, c a r r i e d  in  by th e  He gas ,  was used 

to  a s s i s t  p r e io n iz in g  and prevent  a r c i n g ,  the reby  o b ta in in g  s t a b l e  ou tpu t  

energy.

In Ng-rich m ix tu r e s ,  the  l a s e r  p u ls e  had a sharp  r i s e  o f  200 nsec 

and ended w i th  a 2 ysec t a i l .  Using N2- l e a n  mix tures  ( 2 ) ,  the  t a i l  could be 

e l im in a te d  and a 200 nsec FWHM ( f u l l  width h a l f  maxitnunfl pu lse  was a v a i l ­

a b l e  ( see  Figure  2 ) .  O r d i n a r i l y ,  t h e  long multimode p u l s e  produced an 

o u tp u t  beam o f  dimensions 1.5 cm by 1 .0  cm, as measured by th e  burn 

p a t t e r n  on h e a t  s e n s i t i v e  paper ,  which was no t  completely  uniform.

Without N2 and by i n s e r t i n g  diaphragms in  the  l a s e r  c a v i t y ,  single-mode 

o u tp u t  could be ob ta ined  bu t  a t  a c o n s id e ra b le  lo s s  o f  energy. This  s h o r t  

p u l s e ,  s ingle-mode beam was t y p i c a l l y  0 .5  cm by 0 .5  cm, f u l l ,  and w i thou t  

ho t  s p o t s ,  b u t  i t s  energy was never  more than  0.35 J .  However, i t  should 

be po in ted  o u t ,  t h a t  t h e  peak power o r  power i n t e n s i t y  o f  t h i s  pu lse  i s  

always much l a r g e r  than t h a t  o f  th e  long pu lse  (N2- r i c h  m ix tu re)  f o r  a 

given t o t a l  energy .  Pulse  shapes were determined us ing a HgTerCdTe
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Figure  1.  Schematic diagram o f  the  COg TEA l a s e r .

A. High voltage dc power supply (50 KV, ?0 mA)
B. Discharge capacitor (50 KV, O.O5 ^F)
C. Pulse transformer (lOOil)
D. Timing and trigger generator (0.1 to 100 pps)
E. Pressurized spark gap (0-30 FSIG, 12-30 KV)
F. Rogowski profile electrodes (aluminum)
G. Spark plugs (Surface gap, L77V Champion)
H. Trigger capacitors (30 KV, 500 pF each)
I. Charging and discharging resistor (50 KO)
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Figure  2. Scope photograph o f  ty p i c a l  long ( top)  and s h o r t  

CO^-laser  p u l s e s .



d e t e c t o r  having a r i s e  time o f  5 nsec and a lso  with a photondrag 

d e t e c t o r .  Laser  energy and f luence  measurements were performed with  

e i t h e r  a Sc ien tech  36-001 o r  a Coherent  201 power mete r in  con junc t ion  

w i th  l a s e r - p u l s e  d u ra t io n  d e te r m in a t io n s .

As d is cu s sed  in  the  Theore t ica l  S e c t io n ,  both  mul t iphoton  ab so rp ­

t i o n  and d i e l e c t r i c  breakdown r e q u i r e  very l a r g e  l a s e r  i n t e n s i t i e s .

These a re  achieved by focus ing  the  r a d i a t i o n  i n t o  th e  r e a c t io n  c e l l s .  

Focusing was achieved by both AR ( a n t i - r e f l e c t i o n )  coated Germanium of  

10" foca l  length  and ZnSe of  5" and 10" foca l  leng th  l e n s e s .  In a d d i ­

t i o n ,  s o f t  focus ing  was achieved us ing  c o l l im a t in g  m ir ro rs  o f  Cu and A1 

having foca l  leng ths  o f  20" and 40" r e s p e c t i v e l y .  The l a t t e r  method o f  

fo cu s in g ,  by producing a long co l l im a ted  beam, i s  very usefu l  f o r  

i n v e s t i g a t i o n s  t h a t  r e q u i r e  knowledge o f  th e  t o t a l  volume of  sample t h a t  

i n t e r a c t s  with the  l a s e r  a t  a g iven f lu en ce  ( f o r  example,  number of  

photons absorbed per m olecu le) .  By p lac in g  a small  c e l l  in th e  path o f  

the  c o l l im a te d  beam, bu t  well  in f r o n t  o f  t h e  foca l  p o i n t ,  the  beam 

c r o s s - s e c t i o n a l  a rea  i n s id e  th e  c e l l  can be s a f e l y  regarded  as c o n s t a n t .  

Thus, the  volume of  i n t e r a c t i o n  can be ob ta ined  by assuming a c y l i n d r i c a l ­

shaped beam whose a rea  and volume can be determined by burn p a t t e r n s  on 

thermal paper .

Determinat ion o f  l a s e r  energy absorbed and, t h e r e f o r e ,  o f  the  

e x t i n c t i o n  c o e f f i c i e n t  were done w i th  th e  above-mentioned power meters 

and a l so  by o p to a c o u s t i c  te ch n iq u es .  When us ing  t h e  former method, the  

energy a b so r p t io n  measurements were c o r r e c t e d  f o r  window abso rp t io n  by 

pass ing  th e  beam through th e  c e l l  with and w i th o u t  windows. In most 

exper im en ts ,  NaCl windows were used; when f a r  i n f r a r e d  a n a l y s i s  was 

re q u i r e d  fo l lowing  l a s e r  e x c i t a t i o n ,  ZnSe windows were used i n s t e a d .



C el l s  o f  d i f f e r e n t  l e n g th s  and d iameters  were used depending on the 

p a r t i c u l a r  exper iment invo lved .  Facto rs  de te rmin ing  the  choice  were the  

s i z e  o f  the  beam, method o f  fo cu s in g ,  and whether c o l l i s i o n s  with the  

wall  would i n h i b i t  the  d e s i r ed  r e a c t i o n  ( p a r t i c u l a r l y  f o r  e x p lo s i o n s ) .  

Typical  c e l l s  had a pyrex body, o f  1" o r  2" i . d . ,  and were,  when appro­

p r i a t e ,  r e c t a n g u l a r  r a t h e r  than c y l i n d r i c a l  so t h a t  th e  phototube could 

be placed f lu sh  a g a i n s t  them. S a l t  windows were i n v a r i a b l y  used. I n f r a r ed  

emission was d e tec te d  us ing both metal (monel) or  s t a i n l e s s  s t e e l  c e l l s  

with wide-viewing windows and the  g la ss  c e l l s  a l r e a d y  mentioned. The 

former were used to in s u re  t h a t  v i s i b l e  emission was not m is ta k in g ly  

a t t r i b u t e d  to  i n f r a r e d  luminescence.  In a d d i t i o n ,  s i l i c o n  f i l t e r s  were 

p laced  in  f r o n t  o f  the  i n f r a r e d  d e t e c t o r s  to  block v i s i b l e  luminescence.

All luminescence d e t e c t i o n ,  whether i n f r a r e d  o r  v i s i b l e ,  was p e r ­

formed p e rp e n d icu la r  to  the  l a s e r  a x i s .  In f r a r e d  emission  was viewed 

through a s i l i c o n  and, e i t h e r ,  germanium o r  s apph i re  window combination 

in  con ju n c t io n  with band pass (O r i e l )  f i l t e r s .  Detec t ion  was achieved 

with an InSb (S p ec t ro n ic s )  p h o to v o l t a i c  d e t e c t o r .  The v i s i b l e  f lu o rescen ce  

was observed through e i t h e r  a %-meter J a r r e l -A sh  monochromator equipped
O

with  a 0.10 mm s l i t s  ( s p e c t r a l  r e s o l u t i o n  ^  10 A) or with l a s e r  f i l t e r s  

(Corion)  o r  band pass f i l t e r s  ( O r i e l ) .  Pho tode tec t ion  was accomplished 

w ith  t h r e e  pho to tubes ,  an RCA C31034, a Hamamatsu R955, and an EMI 9816KB. 

All t h r e e  photo tubes  had r i s e  t imes o f  5 nsec o r  l e s s  i n t o  50 J2. The 

d e t e c t o r ' s  s igna l  was p ream pl i f ied  when necessa ry  and d i sp layed  on a 

Tek t ron ix  7704 o s c i l l o s c o p e .

For a l i m i t e d  t im e ,  an Optica l  Multichannel Analyzer (0MA) on loan 

from P r in ce to n  Applied Research was a v a i l a b l e  in our l a b o r a t o r y .  This 

system c o n s i s t s  o f  a 1205A 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 1208 polychromator ,  which i s  a s p e c i a l l y  modif ied J a r r e l
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Ash 0.25 mete r double  monochromator. The OMA i s  a modular e l e c t r o -  

o p t i c a l  s i g n a l  p rocess ing  system. O p t ica l  s i g n a l s  a r e  d e t e c t e d  on the  

t a r g e t  o f  an image tube  which i s  d iv ided  i n t o  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  s ev e ra l  l a s e r  pu lses  fo llowed 

by background s u b t r a c t i o n  of  i n t e r f e r i n g  s i g n a l s .  Each o f  t h e  500 OMA
O

channels  was approximate ly  6 A wide as determined by c a l i b r a t i o n  with  the
O

4350, 5461, and 5770 A atomic Hg l i n e s .  This system allowed complete
O O

scanning o f  the  emiss ion  spectrum between 3093 A - 7164 A in  2 l a s e r  

p u l s e s .  The OMA was used to  o b ta in  t h e  luminescence spectrum o f  d i e l e c t r i c  

breakdown experiments  and o f  exp lo s iv e  chain r e a c t i o n s .  U n fo r tu n a te ly ,  

d e s p i t e  numerous a t t e m p t s ,  f lu o re sc en c e  s ig n a l s  due to  MPA could  not be 

d e te c te d  by th e  OMA. I t  appears  t h a t ,  a t  l e a s t  f o r  the  model t h a t  was 

used, t h e  s igna l  was both too weak and too  f a s t  f o r  the  in s t ru m en t .

The Cr02Cl2 used was o f  99.5% p u r i t y ,  ob ta ined  from Research Organic/  

Inorganic  Chemicals Corp. and underwent f reeze - thaw  c leanou t  be fore  each 

exper iment .  This red l i q u i d  was always kept in e i t h e r  a dark b o t t l e  o r ,  

when a t t a ch e d  to  the  vacuum system,  in a g la s s  c o n ta in e r  which was 

wrapped with aluminum fo i l  in  o rder  to  prevent  photodecomposit ion.  

S i m i l a r l y ,  ca re  was taken when running an experiment to  minimize the  

exposure o f  the  vapor to  f l u o r e s c e n t  l i g h t  in o rd e r  to  in su re  t h a t  the  

r e a c t i o n  was due to  i n f r a r e d  l a s e r  a c t i o n  and not to  room l i g h t s .

The o t h e r  gases  used were ob ta ined  from Matheson and were o f  r e sea rch  

grade  w i th  s t a t e d  p u r i t i e s  as  fo l low s :  H2 (99 .9%), He (99.5%), and

Ar (99.995%). These were used w i th o u t  f u r t h e r  p u r i f i c a t i o n .

A g l a s s  vacuum system was used to  handle  a l l  g a se s .  Bes ides  th e  

mechanical  pump, i t  was equipped w i th  a tw o-s tage  o i l  d i f f u s i o n  pump.

This  sys tem,  with the  c e l l  a t t a c h e d ,  could be evacuated to  10“® t o r r .  

P re s su re  r ead ings  were o b ta in ed  w i th  e i t h e r  a c ap a c i tan c e  manometer
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(B ara t ron ,  MKS) or  an i o n i z a t i o n  gauge {Veeco RG75N) a t t a ch e d  d i r e c t l y  

to  th e  c e l l .  T y p i c a l ly ,  the  leak  r a t e  o f  the  e n t i r e  gas handling 

vacuum system was l e s s  than 10 m to r r /h o u r .  In a d d i t i o n  to  the  s t a t i c  

c e l l s  mentioned above, a flow c e l l  was c o n s t r u c te d  fo r  very  low 

pres su re  (below 10 m tor r )  exper im ents .  A long (65 cm) c e l l  with i n l e t  

and o u t l e t  po r t s  a t  the  two o ppos i te  ends allowed a smooth even flow 

throughout the  c e l l .  The flow r a t e  was c a l c u l a t e d  to  be 2.7 H/sec.

This system,  bes ides  in s u r in g  con t inuous ly  r ep len ish ed  f r e s h  sample and 

d imin ish ing  c o l l i s i o n s  with the  c e l l  wal ls  during the  l a s e r  p u l s e ,  a l so  

insured  a c o n s ta n t  low p re s su re  o f  CrO^Clg- This i s  d i f f i c u l t  to  o b ta in  

in a s t a t i c  c e l l  s ince  Crt^Clg i s  adsorbed to  g la ss  and to  vacuum g re a se ,  

the reby  making i t  d i f f i c u l t  to  o b ta in  accu ra te  low p re s su re  measurements 

in s t a t i c  systems. Another advantage o f  the  long c e l l  i s  t h a t ,  f o r  low- 

p r e s s u r e ,  weak f lu o r e s c e n c e - s ig n a l  measurements, the  focal p o i n t - - a t  

which f lu o rescen ce  was observed--can  be main ta ined  s u f f i c i e n t l y  f a r  away 

from the  windows so as to  avoid any "window f l u o r e s c e n c e . "  The l a rg e  

l a s e r  i n t e n s i t i e s  used in  MPD experiments  can sometimes exceed the  

th r e s h o ld  f o r  window damage. This e f f e c t  can m an i fe s t  i t s e l f  in  the  

form o f  ex traneous  em iss io n ,  due to i o n s ,  atoms, o r  i o n - e l e c t r o n  

recombinat ion .  In a d d i t i o n ,  im p u r i t i e s  d ep o s i t ed  on the  windows can lower 

the  i n t e n s i t y  t h r e s h o ld  o f  t h i s  em iss ion .  The gas sample used in  m u l t i - 

photon exper iments  can promote t h i s  window f lu o re sc en c e  by t h i s  o r  o th e r  

mechanisms, such as heterogeneous r e a c t io n  a t  th e  window s u r f a c e .  A 

flowing sample,  low l a s e r  power a t  the  windows, to g e th e r  with a p h y s i c a l l y  

d i s t a n t  focal po in t  in s u re  t h a t  the  observed m olecu lar  emiss ion i s  f r e e  

o f  t h i s  unwanted exper imental  a r t i f a c t .  In a d d i t i o n ,  c e l l s  were o f t e n  

wrapped with  black t a p e ,  le av in g  only a small uncovered viewing area  f o r  

th e  photo tube ,  to  p reven t  d e t e c t io n  o f  any . s t ray  l i g h t .  Analysis  o f
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r e a c t a n t s  and products  o f  the  l a s e r  induced r e a c t i o n s  were performed 

with both a Beckman Model IR-18A and Model IR-10A I n f r a r e d  s p e c t r o ­

photometers .  Mass s p e c t r a l  a n a l y s i s  was a l s o  u t i l i z e d  v ia  an e x i s t i n g  

Varian CH-7 sp ec t ro m e te r .

P a r t i c l e  morphology o f  the  CrOg and CrgO^ formed in  th e  r e a c t io n s  

was determined by Scanning E lec t ron  Microscopy (SEM) a t  the  I n t e r n a t io n a l  

Nickel Corpora t ion  (INCO). The formation o f  the  m i c r o p a r t i c l e s  could be 

d e te c te d  by t h e i r  d i f f r a c t i o n  o f  a v i s i b l e  He-Ne l a s e r  beam passed 

through the  c e l l .  This method was a l s o  used to  in su re  the  f r eshness  o f  

th e  CrOgClg gas before  r e a c t i o n .

At t h i s  p o i n t ,  p r i o r  to  the  R esu l t s  Sec t ion  but having descr ibed  

a l l  the  s e p a r a t e  d e t a i l s  o f  the  exper imenta l  methods,  i t  i s  i n s t r u c t i v e  

to  d i s c u s s  a t y p i c a l  f lu o rescen ce  exper iment .  The schematic o f  the  

appara tu s  i s  shown in  Figure 3. I t  i s  seen t h a t  the  l a s e r  r a d i a t i o n  i s  

d i r e c t e d  towards the  focus ing  lens  which ach ieves  the  high power 

i n t e n s i t y  in  th e  c e l l  necessa ry  to  produce mul t iphoton  a b so rp t io n  in 

CrOgClg* followed promptly by molecular  luminescence and /o r  photochemical 

r e a c t i o n .  The p h o to d e tec t in g  dev ices  a re  p e rp e n d icu la r  to  the  c e l l  as 

a l r e a d y  mentioned and t h e i r  o u t p u t ,  am p l i f i ed  i f  n e c e s sa ry ,  i s  d isp layed  

on th e  o s c i l l o s c o p e .  The s igna l  can be photographed o r  t r a c e d  by an X-Y 

re c o rd e r  f o r  a n a l y s i s .  T r ig g e r in g  o f  the  scope was accomplished with 

the  pu lse  g e n e r a to r  o r ,  as we u n f o r t u n a t e l y  found o u t ,  with the  

e l e c t r o n i c  no ise  from th e  l a s e r  i t s e l f .

The l a s t  p o i n t ,  t h a t  o f  n o i s e ,  needs f u r t h e r  d i s c u s s i o n .  I t  was 

found t h a t ,  when the  exper iment was c a r r i e d  ou t  p h y s i c a l ly  near  the  

l a s e r ,  i n t e r f e r i n g  e l e c t r o n i c  no ise  o f  ampl itude up to  50 mV was 

d e t e c t e d .  In a d d i t i o n ,  the  p h o to d e te c to r s  could observe  s c a t t e r e d  

l i g h t  from the  l a s e r  d i scha rge  which could be as l a r g e  as the  de s i r ed
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Figure 3. Experimental appara tus  fo r  l a s e r - in d u c e d  f lu o rescence  

s t u d i e s .



s i g n a l .  To e l im in a t e  t h i s  problem, the  l a s e r  r a d i a t i o n  was d i r e c te d  

with m i r ro r s  through a hole in the  conc re te  wall i n to  an a d jac e n t  room, 

a d i s t a n c e  o f  10-12 m e te rs .  The l a s e r  power l o s t  by t h i s  procedure 

d id  not exceed 25%, but a g r e a t  r educ t ion  in  both e l e c t r o n i c  and 

o p t i c a l  no ise  was ach ieved .  The s c a t t e r e d  l i g h t  from the  l a s e r  d ischarge  

was avoided ,  y e t  s c a t t e r e d  room l i g h t  was s t i l l  p r e s e n t .  To prevent  a l r 

types  o f  s t r a y  l i g h t  from reach ing  the  pho to tube ,  a copper box was 

c o n s t ru c ted  and a l l  d e t e c t io n  equipment—the c e l l ,  monochromator, and 

phototube--was placed in s id e  the  box. Only the  BNC cab le  connected to 

the  scope extended out o f  t h i s  e n c lo s u re .  The l a s e r  r a d i a t i o n  was

d i r e c t e d  in to  the  c e l l  through a small a p e r tu r e  d r i l l e d  (d = 2 cm) in

the  box. The focus ing  len s  was placed in  f r o n t  o f  t h i s  hole and

o u t s id e  the  box. This allowed fo r  e a s i e r  handling and, a t  the  same t ime,

i t  a l so  prevented  most v i s i b l e  l i g h t  from reach ing  the  photo tube .

The very low p res su re  experiments t h a t  were c a r r i e d  out with s h o r t  

l a s e r  pulses  produced very low i n t e n s i t y  s i g n a l s .  Because,  as a l ready  

mentioned, with Ng-free m ix tu r e s ,  the  lo s s  o f  l a s e r  energy i s  g r e a t ,  i t  

was p r e f e r a b l e  to  perform th e se  exper iments  as c lo se  to  the  l a s e r  as 

p o s s ib le  u t i l i z i n g  the  minimum number o f  a u x i l i a r y  o p t i c s  so as to 

minimize any f u r t h e r  energy  l o s s e s .  The above-mentioned copper box 

proved very useful in t h i s  r e g a rd .  In a d d i t i o n ,  a ground wire soddered 

to  the  box, a t t a ch e d  to  the  ground o f  the  scope,  and then to  a grounded 

water  d ra in  pipe e l i m i n a t e d ,  c o n s id e ra b ly ,  the  e l e c t r i c a l  n o i s e .  With 

th e se  p recau t ions  and with the  phototube in s id e  a metal housing to  

achieve  magnetic and e l e c t r o s t a t i c  s h i e l d i n g ,  good, r e l a t i v e l y  n o i s e l e s s  

s i g n a l s  could be d e te c te d  even from weakly f l u o r e s c in g  samples.
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THEORETICAL BACKGROUND

Although, as a l r e a d y  mentioned,  i n f r a r e d  l a s e r  chemis t ry  has become 

a bona - f ide  f i e l d  o f  s tudy  o f  phys ica l  chemis t ry  pursued by many, the  

d e t a i l s  o f  the  i n t e r a c t i o n  o f  i n f r a r e d - l a s e r  r a d i a t i o n  with molecules a re  

not comple te ly  unders tood.  N ev er th e le s s ,  as exper imental  a c t i v i t y  has 

m u l t i p l i e d ,  so has our unders tand ing  o f  the  p rocesses  invo lved .  Laser 

induced chem is t ry  can be s a id  to  have begun in  1966 with the  p ioneer ing  

work o f  L. Henry, e t  al  ( 1 ) ,  who i r r a d i a t e d  ammonia with a cont inuous  

wave (cw) l a s e r  and ob ta ined  both d i s s o c i a t i o n  and v i s i b l e  luminescence 

from bands o f  the  NH2 r a d i c a l .  Subsequent ly ,  the  f i r s t  r e p o r t  o f  i n f r a ­

red mult iphoton  d i s s o c i a t i o n  by I senor  and Richardson (2) appeared in the 

l i t e r a t u r e .  A c t i v i t y  continued  in  t h i s  f i e l d ,  cu lm ina t ing  in  1974-5 with 

th e  a lmos t s imultaneous  p u b l i c a t i o n  by Russian (3) and American (4) 

groups o f  i so to p e  s e p a r a t io n  induced by pulsed C02- l a s e r s .

Since t h a t  d i s co v e ry  using SFg, th e  H atom o f  l a s e r  chem is t ry ,  

s i m i l a r  exper iments  have been done on t h i s  (5 ,6 )  and o th e r  molecules (7) 

with the  same unequivocal r e s u l t - - l a s e r  induced d i s s o c i a t i o n  can s ep a ra te  

i s o t o p e s .  The s i g n i f i c a n c e  o f  t h i s  development ,  no t  j u s t  from a 

t e c h n ic a l  but a l s o  from a s c i e n t i f i c  v iew poin t ,  cannot be overemphasized.  

In the  case  o f  SFg, f o r  example,  when th e  C02 l a s e r  i s  tuned to  the

P(20)10.6  p l i n e ,  the  e x c i t i n g  r a d i a t i o n  c o in c id es  with the  ab so rp t ion
32 34o f  SFg, but not with  any i n f r a r e d  band o f  the  SFg molecule .

E s s e n t i a l l y ,  complete r e a c t i o n ,  us ing r e l a t i v e l y  low p re s su re s
32 34o f  th e  SFg s p ec ie s  was ach ieved ,  whereas most o f  t h e  SFg remained

u n re a c te d .  S i m i l a r l y ,  when the  e x c i t i n g  r e a d i a t i o n  was tuned to  the

34SFg v3 a b so rp t io n  f e a t u r e  ( a t  925 cm- 1 ) ,  i t  was t h i s  i s o t o p e ,  r a t h e r
32than th e  S,  t h a t  underwent r e a c t i o n .  Th e re fo re ,  th e  r e s u l t s  a re  c l e a r
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proof  o f  the  s e l e c t i v i t y  o f  the  l a s e r  e x c i t a t i o n .

However, i f  one co n s id e r s  t h a t  a CÔ  l a s e r  photon 1000 cm"^) 

c o n ta in s  approximate ly  2 .9  kcal/mole  and t h a t ,  in o rd e r  to  break the  

S-F bond, 93 kcal /mole  o f  energy i s  needed, th e  conc lus ion  i s  reached 

t h a t  each SFg m olecu le ,  in  th e  absence o f  d i e l e c t r i c  breakdown, must 

absorb a t  l e a s t  32 photons in  o rd e r  to d i s s o c i a t e .  As i t  i s  well known, 

the  v i b r a t i o n s  o f  molecules  a re  anharmonic r a t h e r  than harmonic.  This 

f a c t  r e s u l t s  in  a red u c t io n  in  th e  energy d i f f e r e n c e  between success ive  

l e v e l s  o f  a v i b r a t i o n a l  mode as the  quantum number, v ,  i n c r e a s e s .  There­

f o r e ,  we must ex p la in  t h e o r e t i c a l l y  the  i n t e r a c t i o n  o f  t h i s  anharmonic 

o s c i l l a t o r  with  the  monochromatic l a s e r  r a d i a t i o n .  As we s h a l l  subse­

quen t ly  s e e ,  f o r  medium ( a t  l e a s t  4 atoms) and l a r g e  po lya tom ics ,  the  

resonance requirement must be main ta ined f o r  a t  l e a s t  the  f i r s t  4 o r  5 

l e v e l s  o f  the  v i b r a t i o n a l  l a d d e r .  This maintenance o f  coherence has been 

exp la ined  by e i t h e r  one o r  a combination o f  a few f a c t o r s .  One o f  these  

i s  th e  dynamic S ta rk  e f f e c t .  In t h e  i n t e n s e  f i e l d s  provided by pu lsed-  

COg l a s e r  r a d i a t i o n ,  l i n e  a b so r p t io n  broadening i s  induced v ia  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 le v e l s .  This broaden ing ,  a 

r e s u l t  o f  the  dynamical S ta rk  s h i f t ,  can p a r t i a l l y  o f f s e t  th e  anharmonic i ty  

o f  the  v i b r a t i o n a l  l e v e l s .  For a d ia tomic  molecule ( r i g i d  r o t o r  

app rox im a t ion ) ,  th e  magnitude o f  the  s p l i t t i n g  i s  given by the  equation  

(8 )

Av * cm' 1 (1)

where B i s  the  r o t a t i o n a l  c o n s t a n t  in cm” ^ , p i s  the  mean value  o f  the  e
t r a n s i t i o n  d ip o le  moment m atr ix  element between v i b r a t i o n a l  t r a n s i t i o n s

2
in  esu*cm, E i s  th e  e l e c t r i c  f i e l d  s t r e n g th  in  s t a t v o l t s / c m  , h i s
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P la n c k 's  c o n s t a n t ,  and v i s  the  l a s e r  f requency in  sec \  In o rd e r  to  

c a l c u l a t e  t h i s  e f f e c t  f o r  CrOgClg, one must o b ta in  the  t r a n s i t i o n  d ipo le  

mat r ix  e lem en t ,  y .  This was done us ing the  equa t ion  (9)

9  3hc(B )(1000) o  9

| u | 2 =  ^ ----------- , esu *cm (2)
8tt Nv

where c i s  the  speed o f  l i g h t ,  v i s  the  abso rp t io n  f requency in  s e c " ^ ,

and Bq i s  the integrated band in tens i ty  in units o f  crrf^sec^li ters  mole’ V

The l a t t e r  was ob ined f o r  CrOgClg by g raph ica l  i n t e g r a t i o n  o f  the

abso rp t io n  band o f  CrOgClg a t  about 1000 cm"^ a t  a s a t u r a t i n g  p r e s s u r e .

This band i s  due to  two t r a n s i t i o n s  (see  Table I ) ,  a t  995 cm-  ̂ and Vg

a t  1000 cm"^. No a t tem p t  was made to  r e so lv e  th e se  two t r a n s i t i o n s ,  s ince

being p r a c t i c a l l y  degenera te  and both c o in c i d e n t  with  th e  e x c i t i n g  l a s e r

f requency ,  i t  would be im possib le  to  s ep a ra te  t h e i r  r e s p e c t i v e  e f f e c t s  on

the  MPA p ro c e ss .  Thus,  the  d ipo le  moment m atr ix  element  ob ta ined  from

t h i s  procedure  i s  a rough e s t im a te  o f  th e  s t r e n g th  o f  th e  combined t r a n s i -
-19t i o n s .  Using t h i s  p r e s c r i p t i o n ,  a va lue  o f  0 .40 Debye o r  4 .0  x 10

esu*cm was o b ta in ed  f o r  j i j j .  I n s e r t i n g  t h i s  va lue  i n to  equa t ion  (1) and

using a value (10) o f  0.1073 cm"\ that o f  the largest  rotational constant

(A) in CrOgClg, fo r  Bg , we o b ta in  a value o f  0.0040 cm’  ̂ f o r  th e  Sta rk
6 2s p l i t t i n g  in  th e  presence  o f  a t y p ic a l  l a s e r  f i e l d  o f  10 V/cm 

(3 .3  x 10^ s t a t v o l t s / c m ^ ) .

Although th e  anharmonic i ty  o f  th e  + Vg a b so rp t io n  f e a t u r e s  a re  

not known, s i n c e  t h e i r  r e s p e c t iv e  over tones  have not been o bse rved ,  we 

e s t i m a te  the  anharmonic s h i f t  to  be o f  the  o rd e r  o f  5-10 cm"^ fo r  the  

f i r s t  over tone  t r a n s i t i o n s .  This e s t im a te  i s  c o n s i s t e n t  w ith  the  s h i f t  

observed f o r  the  combinat ion band + Vg (11,12) in CrOgClg- Not-
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w ith s tan d in g  th e  approximations  used,  the  important f a c t  i s  t h a t ,  fo r  

Cr02Cl2 . th e  dynamic S tark  s h i f t  ( .004 cm*1 ) p lays  a n e g l i g i b l e  ro l e  in 

overcoming the  red s h i f t  as the  molecule i s  d r iven  up th e  v ib r a t io n a l  

l a d d e r .

Another e f f e c t  which may p a r t i a l l y  main ta in  coheren t  ab so rp t ion  of 

th e  l a s e r  r a d i a t i o n  i s  th e  phenomenon known as power broadening (8 ) .

This phenomenon, which i s  commonly observed in  NMR and microwave 

exper im en ts ,  i s  not normally  important in o th e r  branches o f  spec t roscopy .  

In i n f r a r e d - l a s e r  pumping, however, because o f  the  high e l e c t r i c  f i e l d s  

p r e s e n t ,  power broadening, o r  a . c .  S ta rk  e f f e c t  as i t  i s  sometimes 

c a l l e d ,  must be taken i n to  accoun t .  B a s i c a l l y ,  t h i s  p e r tu r b a t io n  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 t ime 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  ge ts  out o f  phase 

with the  o s c i l l a t o r .  A normal Boltzmann d i s t r i b u t i o n  between the  l e v e l s  

cannot be o b ta in e d ;  th e  r e s u l t  i s  a decreased e x t i n c t i o n  c o e f f i c i e n t  and 

a broadening o f  the  a b so rp t io n  l i n e .  This e f f e c t  i s  c h a r a c t e r i z e d  by 

the  Rabi f requency ,  v^ ,  whose average va lue  i s  given by

_ wEo -1 m
R he * cm (3)

where th e  terms have a l r e a d y  been d e f in e d .  Again,  us ing a t y p ic a l  f i e l d
3 2 -19o f  3.3 x 10 s t a t v o l t s / c m  , and y = 4 .0  x 10 e s u #cm, we ob ta in  a

value o f  0^ = 6.7 cm”1 f o r  the  CrO^Clg t r a n s i t i o n  c o in c id en t  with the

C02 l a s e r  r a d i a t i o n .  As was done above f o r  th e  S ta rk  e f f e c t ,  we must

compare the  broadening , namely v^,  with  the  de tuning  (v -  vQ) ,  where

\J i s  the  f requency and Tj i s  the  o s c i l l a t o r  fr equency.  I t  i s  c l e a r  t h a t ,

a l though t h i s  i s  a much more s i g n i f i c a n t  e f f e c t  than the  Stark  s h i f t ,
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power broadening can ,  a t  most ,  compensate f o r  the  de tuning o f  the  f i r s t  

few u p - th e - l a d d e r  t r a n s i t i o n s  in CrOgClg* When one r e a l i z e s  t h a t  i t  takes  

approximate ly  25 i . r .  photons to  d i s s o c i a t e  t h i s  m olecu le ,  i t  becomes 

e v id en t  t h a t  o t h e r  f a c to r s  must a l s o  be r e s p o n s ib le  f o r  mult iphoton  

a b so r p t io n .  This d is c repancy  i s  not p a r t i c u l a r  to  CrOgClg. Thus,  f o r  

the  much-s tudied SFg m olecu le ,  a s i m i l a r  Rabi frequency c a l c u l a t i o n  y-' Ids  

= 5 cnf^ and a S ta rk  e f f e c t  s h i f t  which i s  n e g l i g i b l e  (< 0.03 cm"^). 

Assuming an anharmonic i ty  c o n s ta n t  o f  about 10 cm”  ̂ (13,14) f o r  the  

mode o f  t h i s  m olecu le ,  i t  i s  again e v id en t  t h a t  these  f i e ld - i n d u c e d  

e f f e c t s  can only be p a r t l y  r e s p o n s ib le  f o r  the  maintenance o f  resonance 

in MPD exper im en ts .

A concept  t h a t  exp la in s  abso rp t io n  o f  the  f i r s t  t h r e e  i n f r a r e d  

photons i s  the  " 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 "  model proposed by Ambartzumian, e t  al  (15 ) .  B a s i c a l l y ,  i t  

a t t r i b u t e s  maintenance o f  coherence in the  v i b r a t i o n a l  manifo ld  to  

r o t a t i o n a l  s h i f t s  in the  absorbing sequence.  I f  the  l a s e r  i s  tuned to  

the  P-branch o f  th e  v ib r a t i o n a l  band, then the  f i r s t  abso rp t io n  can be 

r ep re sen ted  by (v=0, J  -*■ v = 1 ,  J - l ) .  The second s t ep  w i l l  be (v*l»

J - l  + v=2, J - l ) ,  a Q-branch t r a n s i t i o n ,  and f i n a l l y  the  R-branch 

t r a n s i t i o n  (v=2, J - l  -»■ v=3, J)  w i l l  e x c i t e  th e  second ove r tone .  Thus, 

i t  i s  r o t a t i o n a l  compensation o f  anharmonic i ty  t h a t ,  accord ing  to  t h i s  

model gua ran tees  the  resonance c o n d i t io n  f o r  th e  f i r s t  t h r e e  s t e p s  of  

the  v i b r a t i o n a l  l a d d e r ,  even a t  modest power d e n s i t i e s .  Although we 

s h a l l  d i s c u s s  the  evidence in  suppor t  o f  th e  "PQR" concept s h o r t l y ,  i t  

should be mentioned t h a t  c a l c u l a t i o n s  on SFg (15) seem to  i n d i c a t e  t h a t  

t h i s  mechanism can indeed compensate f o r  the  v i b r a t i o n a l  anharmonic i ty  

in t h i s  molecule .



There a r e  o t h e r  f a c t o r s  which can ,  to  d i f f e r e n t  degrees 1n 

d i f f e r e n t  m o lecu les ,  compensate f o r  v ib r a t i o n a l  de tun ing  o f  the  molecular 

t r a n s i t i o n  f requency from t h a t  o f  the  in c id e n t  l a s e r .  Thus, e f f e c t s  such 

as anharmonic s p l i t t i n g  o f  v ib r a t i o n a l  over tone  l e v e l s  o f  a degenera te  

mode (1 6 ) ,  Fermi resonance between over tones  o r  combination bands and 

fundamenta ls ,  and hindered i n t e r n a l  r o t a t i o n s  (17) about a p a r t i c u l a r  

molecular  bond, which provides  f o r  stong v i b r a t i o n a l - v i b r a t i o n a l  and 

v i b r a t i o n a l - r o t a t i o n a l  co up l ing ,  can a lso  compensate f o r  anharmonic i ty .  

However, in  g e n e r a l ,  the  c u r r e n t  b e l i e f  i s  t h a t  power broadening and 

PQR re so n an t  e x c i t a t i o n  a re  the, major f a c t o r s  r e s p o n s ib le  f o r  the  

abso rp t io n  o f  t h e  f i r s t  few photons in on-resonance  l a s e r  induced 

chem is t ry .

As has been s t a t e d  b e fo re ,  i n f r a r e d  c o l l i s i o n l e s s  mult i  photon 

d i s s o c i a t i o n  t y p i c a l l y  r e q u i r e s  the  a b so rp t io n  o f  20 or more photons.

The mechanisms which have been d iscussed  above can account f o r ,  pe rhaps ,  

the  f i r s t  t h r e e  to  f i v e  t r a n s i t i o n s .  Once t h i s  energy range i s  reached ,  

maintenance o f  resonance between the  molecular  v i b r a t i o n a l  l e v e l s  and 

th e  l a s e r  r a d i a t i o n  must be achieved by o t h e r  means. For polyatomic 

molecules with  seve ra l  v i b r a t i o n a l  degrees o f  freedom, 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  grows r a p i d l y  with i n c re a s in g  energy.  I t  was p o s tu ­

l a t e d . b y  Bloembergem and c o l leag u es  (18,19) t h a t ,  in  t h i s  r e g io n ,  dubbed 

the  quasicontinuum, the  resonance con d i t io n  i s  main ta ined  because o f  the  

l a r g e  number o f  s t a t e s  a v a i l a b l e .  Thus, the  molecule can gain enough 

energy u n t i l  the  t h i r d  r e g io n ,  th e  d i s s o c i a t i v e  continuum, i s  reached .  

Perhaps ,  th e  b e s t  way to  view the  quasi  continuum i s  to  i s o l a t e  the  

d i s c r e t e  l e v e l s  t h a t  i n t e r a c t  s t r o n g ly  with th e  l a s e r  r a d i a t i o n  (the  

vv.j and vv^ l e v e l s  in  CrOgClg) and to  view th e  o t h e r  modes as  the
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r e s e r v o i r .  The e x c i t e d  modes a re  coupled to  the  r e s e r v o i r  via

anharmonic terms o f  the  p o t e n t i a l  energy f u n c t io n .  These te rm s ,  o f

co u rse ,  a l s o  in c r e a s e  as the  d e n s i t y  o f  s t a t e s  in c r e a s e s .  B a s i c a l l y ,

the  quasicontinuum begins  when the  width caused by t h i s  v ib r a t i o n a l

r e l a x a t i o n  or damping i s  c o n s id e rab ly  l a r g e r  than the  anharmonic d e f e c t .

For SFg, fo r  example,  t h i s  co nd i t ion  i s  be l ieved  to  occur when the
4 -1d e n s i t y  o f  s t a t e s  i s  about  10 /cm o r  when the  molecule has absorbed 

3-5 CÔ  i . r .  photons (1 8 ,1 9 ) .  Since CrOgClg i s  a sm al le r  molecule with 

fewer i n f r a r e d - a c t i v e  modes, i t  can be s a f e l y  assumed t h a t  the  onse t  o f  

the  quasicontinuum occurs  a t  an even h igher  energy. The t h e o r e t i c a l  

d e s c r i p t i o n  o f  MPA and MPD based on the  th r e e  r e g i o n s - - t h e  f i r s t  

c h a r a c t e r i z e d  by d i s c r e t e  l e v e l s  with l i t t l e  i n t r a s t a t e  mixing,  the  

quasicontinuum e x h i b i t i n g  s t rong  coupl ing  between the e x c i t e d  mode and 

background s t a t e s ,  and the  d i s s o c i a t i v e  con t inuum -- is  well e s t a b l i s h e d  

e x p e r im e n ta l ly .  A b r i e f  review o f  the  evidence w i l l  now be given.

The most s a l i e n t  f e a t u r e  o f  i . r .  l a s e r  mul tiphoton e x c i t a t i o n  i s  

t h a t  i t  i s  i s o to p e  s e l e c t i v e .  I f  th e  i n f r a r e d  i so tope  s h i f t  i s  l a rg e  

enough, the  l a s e r  can be tuned to  co inc ide  with the  abso rp t ion  f e a tu r e  

o f  only  one o f  th e  molecular  i s o t o p i c  s p e c i e s .  T he re fo re ,  only t h i s  

i so to p e  r e a c t s  as  long as the  p re s su re s  a re  low enough to  prevent 

c o l l i s i o n a l  energy  t r a n s f e r .  Multi photon i so to p e  s ep a ra t io n  has been 

observed in  many systems inc lu d in g  SFg (3,4),  SFgCl (20 ) ,  and OsO^ (21) .  

This f a c t  suppor ts  the  e x i s t e n c e  o f  a t  l e a s t  one r e g io n ,  the  f i r s t ,  

where a b so rp t io n  i s  s e l e c t i v e  and where th e  resonance c o n d i t io n  must be 

m ain ta ined .

An e l e g a n t  experiment performed by Ambartzumian, e t  al (22) 

co r robo ra ted  th e  mechanism o f  mul tiphoton a b so r p t io n .  These Russian
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workers d i s s o c i a t e d  SFg us ing  two l a s e r s .  Low power r a d i a t i o n  from the
32f i r s t  l a s e r  e x c i t e d  the  SFg molecules  to  about th e  second overtone o f

the  Vj v i b r a t i o n a l  mode. A second COg p u l s e ,  comple te ly  detuned from
32any SFg a b so rp t io n  band, was capable  o f  d i s s o c i a t i n g  th e  SFg molecules 

us ing c o n s id e rab ly  sm al le r  l a s e r - f i e l d  i n t e n s i t i e s  than those  requ i red  f o r  

s in g le - f r e q u e n c y  f r agm en ta t ion .  Thus, t h i s  exper im en t ,  which has been 

repea ted  on o t h e r  m o lecu les ,  suppor ts  the  no t ion  o f  a quasi  continuum in 

which resonance between th e  l a s e r  r a d i a t i o n  and a molecular  absorp t ion  

f e a t u r e  i s  not r e q u i r e d .  A d d i t i o n a l l y ,  they  showed t h a t  optimal i s o to p ic  

s e p a ra t io n  and y i e l d s  were ob ta ined  when th e  f i r s t  l a s e r  was detuned 

10 cm" ̂ , to  the  r e d ,  from the  resonance l i n e .  T h i s ,  they  concluded, 

co r ro b o ra ted  the  PQR mechanism p re v io u s ly  d e sc r ib e d .

L a s t l y ,  i t  should be mentioned t h a t  th e  p r o b a b i l i t y  o f  d i s s o c i a t i o n  

has been found to  be s t r o n g l y  dependent on energy d e n s i t y  o r  f luence  

( jou les /cm  ) and only s l i g h t l y  dependent on power i n t e n s i t y  o r  peak 

power o f  the  l a s e r  pulse  (1 9 ,2 3 ,2 4 ) .  This means t h a t  s eq u e n t i a l  ab so rp ­

t i o n  o f  photons and not n o n - l i n e a r  e f f e c t s  i s  p lay ing  an impor tan t  r o l e  

in MPD. Fur thermore,  s in ce  as we saw, the  Rabi frequency  i s  p ropor t iona l  

to  the  e l e c t r i c  f i e l d  and , t h e r e f o r e ,  to  the  square  ro o t  o f  the  power 

i n t e n s i t y ,  power broadening must be p lay ing  on ly  a minor r o l e  ( i . e . ,  

only  in  th e  f i r s t  r e g io n )  in de termin ing  the  e x t e n t  o f  d i s s o c i a t i o n  as 

long as a minimum power t h re s h o ld  i s  exceeded. Again th e se  r e s u l t s ,  

ob ta ined  by vary ing  the  pu lse  w id th ,  p o in t  to  th e  v a l i d i t y  o f  the  

c u r r e n t l y  accepted  mechanism o f  MPD and, p a r t i c u l a r l y ,  o f  th e  importance 

o f  th e  quasicontinuum.

Many t h e o r e t i c a l  t r e a tm e n t s  o f  MPD and, p a r t i c u l a r l y ,  o f  the  

quasicontinuum have been publ ished  ( f o r  example,  see  1 5 ,2 5 ,2 6 ,  and 34) .



Although most o f  th e se  agree  on th e  bas ic  d e s c r i p t i o n s  d i scu ssed  in 

the  preceeding  pages ,  some ques t ions  s t i l l  remain.  Perhaps the  most 

p re s s in g  ques t ion  i s  t h a t  o f  th e  d i s t r i b u t i o n  o f  energy among the  normal 

modes o f  the  l a s e r  e x c i t e d  molecule .  I t  i s  a f a c t  t h a t  in  most i f  not 

a l l  the  MPD exper iments  done to  d a t e ,  i t  i s  th e  weakest  bond t h a t  i s  

broken r e g a r d l e s s  o f  th e  mode t h a t  i s  e x c i t e d .  This im pl ies  t h a t  some 

energy r e d i s t r i b u t i o n  must occur s in ce  v ib r a t i o n a l  energy must be fed 

i n t o ,  s ay ,  th e  S-Cl bond o f  SF^Cl in o rde r  to  break i t ,  a l though i t  was 

the  S-F mode t h a t  was re sonan t  with the  e x c i t i n g  l a s e r  f i e l d  (20) .  

Moreover,  from the  v e l o c i t y  d i s t r i b u t i o n  o f  d i s s o c i a t i o n  fragments t h a t  

were measured under m olecu lar  beam c o n d i t i o n s ,  Lee and co-workers (27,28)  

have concluded t h a t  the  absorbed l a s e r  r a d i a t i o n  i s  randomly d i s t r i b u t e d  

when th e  molecule has s u f f i c i e n t  energy to  d i s s o c i a t e .  Recen t ly ,  two 

d i f f e r e n t  groups o f  workers (19 ,29 ,27 ,28)  have shown t h a t  the  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  o f  SFg by COg-laser r a d i a t i o n  can be t r e a t e d  us ing  the  

RRKM theo ry  o f  un imolecular  r e a c t i o n s .  This p i c t u r e  o f  MPA followed by 

d i s s o c i a t i o n  has led  to  r a t e - e q u a t i o n  d e s c r i p t i o n s  o f  the  p ro cess .  

Ignor ing  the  d i s c r e t e - l e v e l  a b so rp t io n  p ro c e s s ,  the  t ime e v o lu t io n  o f  

th e  popu la t ion  in  leve l  m, Nm, a t  an energy o f  mhv may be desc r ibed  

(25 ,28)  by

" a f  = ' T v ^ m - l V l  + 9^ m Nm+l " (" g ^ tTm-l " kmNm (4 )

where I ( t )  i s  th e  l a s e r  i n t e n s i t y ,  gm i s  the  d e n s i t y  o f  v ib r a t i o n a l

s t a t e s  o f  l eve l  m, a m i s  the  a b so rp t io n  c ro ss  s e c t io n  from leve l  m to  

le v e l  (m + 1) and k„ i s  the  d i s s o c i a t i o n  r a t e  c o n s ta n t  from le v e l  m which

may be c a l c u l a t e d  us ing  th e  s t a t i s t i c a l  RRKM model f o r  un imolecu lar
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r e a c t i o n s .  We may rea r range  t h i s  equation  to  y i e l d

dN = [om 1Nm , + J S - o  N — ( % ^ o m .  + O N j - U ^ t  -  k N d t  (5) m m-l m-1 gm+  ̂ m m+1 g^ m-1 m m hv mm

Expression (5) shows e x p l i c i t y  t h a t  a l l  the  r a d i a t i v e  terms a re  m u l t i ­

p l i e d  by a f a c t o r ,  I ( t ) d t .  Thus, the  abso rp t ion  process  and,  s in ce  the  

d i s s o c i a t i o n  r a t e  i s  r e l a t i v e l y  small (and i d e n t i c a l l y  zero below the  

d i s s o c i a t i v e  continuum), the  temporal evo lu t io n  o f  th e  popu la t ion  i s  

d i r e c t l y  p ropor t iona l  to  i n t e n s i t y  x time = energy f luence  ( jou les /cm  ) .  

That such k i n e t i c  t rea tm en ts  have been s u c c e s s f u l l y  used in  i n t e r p r e t i n g  

th e  gross  f e a t u r e s  o f  mul tiphoton abso rp t ion  followed by d i s s o c i a t i o n  

o f  severa l  polyatomic molecules  (25,28) emphasizes th e  importance o f  

th e  quasicontinuum in  l a s e r - in d u c e d  chem is t ry .  I t  should be e v id e n t ,  

however, t h a t  i t  i s  the  d i s c r e t e  l e v e l s  t h a t  render  th e  p rocess  i s o to p e -  

s e l e c t i v e  and , t h e r e f o r e ,  t h e i r  e f f e c t  on the  o v e ra l l  e x c i t a t i o n  process  

may be small but not i n s i g n i f i c a n t .  Fur thermore,  any hope o f  a t t a i n i n g  

b o n d - s e le c t iv e  l a s e r  chemis t ry  r e s t s  on m ain ta in ing  coherence a l l  the  

way up the v ib r a t i o n a l  l a d d e r .

Although success fu l  in  d e s c r ib in g  th e  gross  f e a tu r e s  o f  the
-12p ro c e ss ,  master  e q u a t i o n s ,  such as ( 4 ) ,  r e l y  on prompt (^ 10 seconds) 

(30) v i b r a t i o n a l  energy r e d i s t r i b u t i o n  in  the  quasicont inuum.

There i s  evidence (3 1 ,3 2 ) ,  however,  t h a t  a t  l e a s t  in  some molecules 

IVR may be con s id e rab ly  s low er .  Moreover, in a r e c e n t  mult i  photon 

experiment by Hall and Kaldor (3 3 ) ,  th e  branching  r a t i o  o f  two 

d i s t i n c t  d i s s o c i a t i o n  channels  o f  cyclopropane ,  I s o m e r i z a t i o n ,  and 

f ragmenta t ion  appears to  depend on the  frequency o f  th e  e x c i t i n g  l a s e r  

r a d i a t i o n .  These r e s u l t s ,  and o th e r s  (3 4 ) ,  may In d ic a t e  t h a t  only  

p a r t i a l  energy randomizat ion i s  o p e ra t iv e  in  the  t ime domain o f  i n t e r e s t .
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I . e . ,  IVR i s  f a s t  w i th in  c e r t a i n  groups o f  s t a t e s  but slow among the  

d i f f e r e n t  groups.  This evidence has spawned new t h e o r e t i c a l  approaches.  

Schek and J o r t n e r  (3 5 ) ,  f o r  example,  have proposed a theo ry  based on the 

random coup l ing  model,  which r e s t s  on t h e  concept t h a t  r a d i a t i v e  

coupling terms in  the  quasicontinuum e x h i b i t  a l a rg e  v a r i a t i o n  in  both 

sign and ampli tude  and, t h e r e f o r e ,  th e  IVR concept  i s  omit ted  in  t h i s  

t r e a tm e n t .

I t  should  be emphasized t h a t ,  whether the  absorbed energy i s  

comple te ly  o r  p a r t i a l l y  randomized and whether i t  i s  coupl ing  among the  

high ly in g  v i b r a t i o n a l  s t a t e s  o f  the  molecule o r  IVR t h a t  i s  th e  c o r r e c t  

d e s c r i p t i o n  o f  th e  p ro c e ss ,  the  r e s u l t s  a r e  the  same; the  weakest  

d i s s o c i a t i o n  channel i s  overwhelmingly fo l lowed.  However, and 

p a r t i c u l a r l y  with  r e s p e c t  to  the  work desc r ibed  in  t h i s  t h e s i s ,  t r ea tm en t  

o f  the  process  by RRKM theo ry  does not e x p la in  the  c o l l i s i o n l e s s  pro­

duc t ion  o f  e l e c t r o n i c a l l y  e x c i t e d  fragments and /o r  pa ren t  molecules  by 

MPA followed by d i s s o c i a t i o n .  Thus,  al lowance must be made in these  

t r ea tm en ts  f o r  the  p o s s i b i l i t y  o f  popu la t ing  e x c i t e d  e l e c t r o n i c  s t a t e s  

v ia  th e se  p ro c e sse s .
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RESULTS

The o b se rv a t io n  o f  u l t r a v i o l e t  and v i s i b l e  luminescence in  i n f r a r e d -  

l a s e r  Induced mult iphoton  d i s s o c i a t i o n  (MPD) exper iments  i s  well  docu­

mented (1 -10 ) .  In many o f  th e se  s t u d i e s ,  the  p re s su re s  were too  h igh ,  

given the  width o f  the  l a s e r  p u l s e ,  f o r  the  e x c i t a t i o n  to  be t r u l y  

c o l l i s i o n l e s s .  R ecen t ly ,  however, the  o b serva t ion  o f  MPD in  molecular  

beams (11,12) and the  d e t e c t i o n  o f  u l t r a v i o l e t  and v i s i b l e  f lu o rescen ce  

a t  very  low p re s su re s  (13) give credence to  the  c o l l i s i o n l e s s  production  

o f  e l e c t r o n i c a l l y  e x c i t e d  sp ec ie s  via  i n f r a r e d  mult iphoton abso rp t ion  

(MPA) followed by d i s s o c i a t i o n .

The emission in  th e  above-mentioned r e p o r t s  was thought  t o  be due 

t o  one o r  more o f  th e  fo l lowing  p ro c e sse s .  F i r s t l y ,  a t  r e l a t i v e l y  high 

f l u e n c e s ,  o p t i c a l  d i e l e c t r i c  breakdown can be induced w i th  an i n f r a r e d  

l a s e r ,  and t h i s  p r o c e s s ,  in  t u r n ,  produces e l e c t r o n i c  luminescence t h a t  

can be a sc r ib e d  to  high energy s p e c ie s  such as ions  and r a d i c a l s .  

Secondly,  th e  emiss ion has been a sc r ib e d  to  r a d i c a l  recombinat ion o r  to  

subsequent chemical r e a c t i o n  o f  th e  f ragm ents .  T h i r d ly ,  recombinat ion 

o f  charged s p ec ie s  can r e s u l t  in  luminescence.  F o u r th ly ,  th e  formation 

o f  e l e c t r o n i c a l l y  e x c i t e d  products  can y i e l d  u l t r a v i o l e t  as well as 

v i s i b l e  emiss ion .

One u n i fy ing  f e a t u r e  of  a l l  t h e se  p rocesses  i s  t h a t  t h e  luminescence 

i s  thought  t o  o r i g i n a t e  from daughter  sp ec ie s  ( f ragm en ts ,  p ro d u c ts ,  e t c . )  

r a t h e r  than from th e  p a re n t  molecule .  This i s  merely a c on f i rm a t ion  o f  

t h e  genera l  ru l e  t h a t  the  ground s t a t e  o f  a molecule c o r r e l a t e s  

a d i a b a t i c a l l y  w i th  ground s t a t e  p roduc ts .  Thus,  e l e c t r o n i c  emission i s  

mostly  observed when e i t h e r  th e  p re s su re  i s  high and /o r  th e  l a s e r  power 

i s  s u f f i c i e n t  t o  induce d i e l e c t r i c  breakdown.
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This s tudy—the  MPA and MPD o f  CrOgClg i s ,  to  our knowledge, the  

f i r s t  to  r e p o r t  (14,15) the  p roduc t ion  o f  e l e c t r o n i c a l l y  e x c i t ed  paren t  

molecules via  i n f r a r e d - l a s e r  pumping. The CrOgClg emission was d e t e c t e d ,  

as w i l l  be shown below, in  the  c o l l i s i o n l e s s  regime and, t h e r e f o r e ,  must 

be a sc r ib e d  d i r e c t l y  to  the  l a s e r  e x c i t a t i o n .

Before embarking on a d e t a i l e d  d e s c r i p t i o n  o f  the  exper iments  and 

the  r e s u l t s ,  i t  i s  worthwhile to  b r i e f l y  d i scu ss  the  f e a t u r e s  t h a t  made 

CrOgClg a prime cand ida te  f o r  COg-laser induced c o l l i s i o n l e s s  V-E 

t r a n s f e r ,  a phenomenon t h a t  has been dubbed " inve rse  e l e c t r o n i c  

r e l a x a t i o n "  (16 ) .  The key f e a t u r e  t h a t  CrOgClg p o s s e s s e s ,  a s id e  from 

th e  obvious need f o r  a c o in c id e n t  abso rp t io n  with th e  COg-laser r a d i a t i o n ,  

i s  a t  l e a s t  one e x c i t e d  e l e c t r o n i c  s t a t e  whose energy i s  below t h a t  o f  

th e  d i s s o c i a t i o n  l i m i t .  The energy re q u i re d  to  ru p tu r e  th e  Crt^Cl-Cl 

bond ( th e  weakest  one) i s  e s t im ated  to  be 83 kcal/mole  from mass 

sp ec t ro m e t r i c  s tu d i e s  (17) and 68 kcal/mole  from the  appearance p o te n t i a l  

o f  photodecomposit ion products  (18 ) .  In e i t h e r  c a s e ,  th e  d i s s o c i a t i o n  

l i m i t  exceeds th e  o r i g i n  o f  the  f i r s t  e x c i t e d  s t a t e  by 19-34 kca l /m ole .  

A c tu a l ly ,  as we w i l l  s e e ,  th e re  a re  a t  l e a s t  two a d d i t i o n a l  e x c i t e d  

e l e c t r o n i c  s t a t e s  which a re  a lmost degenera te  with th e  lowest  one.  Thus, 

on energy c o n s id e r a t i o n s  a lo n e ,  popu la t ion  o f  e l e c t r o n i c a l l y  e x c i t ed  

s t a t e s  via  i n f r a r e d - l a s e r  e x c i t a t i o n  i s  a h igh ly  probable  channel in 

t h i s  molecule .

CrOgClg was i n v e s t i g a t e d  s p e c t r o s c o p i c a l l y  as e a r l y  as 1933 (19) ;  

v i b r a t i o n a l  gas phase ass ignments  were r e l a t i v e l y  easy  s in ce  the  

molecule i s  n e a r ly  t e t r a h e d r a l  and y e t  r e t a i n s  the  Cgv symmetry (20) .

The v i b r a t i o n a l  bands a re  l i s t e d  in  Table I (20-23) and shown in  Figure 

1 under low r e s o l u t i o n .  The s t ro n g  a b so rp t io n  near 10 p i s  due to  both 

th e  V-|(A-|) symmetric Cr-0 s t r e t c h  a t  995 cm"^ and the  vg ( B^) asymmetric
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Cr-0 s t r e t c h  a t  1000 cm~^. The e x i s t e n c e  o f  t h i s  s t rong  a b s o r p t io n ,  the  

high vapor p re s su re  o f  the  system and the  e a r l y  sp ec t ro sc o p ic  observa ­

t i o n  o f  r e s o lv a b le  v ib r a t i o n a l  (and r o t a t i o n a l )  s t r u c t u r e  in  the  

e l e c t r o n i c  spectrum,both  in  abso rp t io n  and emission,  combine to  make 

CrOgClg a unique cand ida te  f o r  MPA exper im en ts .

In r e c e n t  y e a r s ,  both the  dynamic and conventional e l e c t r o n i c  

s p ec t ro sc o p ic  i n v e s t i g a t i o n s  o f  CK^Clg in gas and s o l i d  phases have been 

e x t e n s iv e .  Dunn and co-workers (24,25) have measured both the  ab so rp t ion  

and emission s p e c t r a  o f  th e  s o l i d  as s i n g l e  c r y s t a l  a t  1 .7  K and in Argon 

m a t r ice s  a t  4 K. Their  o b se rv a t io n s  culminated in t h r e e  observed band
O O

systems in  th e  reg ion  3800 A -  6000 A: a weak system whose o r i g i n  was
O O

a t  5891 A, a s t r o n g e r  one a t  5796 A, and a s t r u c t u r e l e s s  system
O

beginning a t  4400 A. The 5891 and 5796 systems were a ss igned  as  t r a n s i -
O

t i o n s  to the  lowest  t r i p l e t  and s i n g l e t  r e s p e c t i v e l y .  The 5796 A 

s i n g l e t  was f u r t h e r  i d e n t i f i e d  as t h a t  g iv ing  r i s e  to  the  e a r l y  gas 

phase abso rp t io n  s tudy by Kronig (19) .

More re c en t  s t u d i e s  by McDonald (26) concen t ra ted  on both the  

dynamics and spec troscopy  in  the  gas phase .  He found t h a t  th e  f l u o r e s ­

cence quantum y i e l d  drops to  near zero a t  wavelengths s h o r t e r  than
O

5650 A. He a t t r i b u t e s  t h i s  f a c t  to  e i t h e r  p h o to d i s s o c i a t i o n  a t  longe r
O

wavelengths than t h a t  (4200 A) re p o r te d  by Halonbrenner (17) and /o r  to  

r a d i a t i o n l e s s  p ro c e s s e s .  McDonald's work a l s o  shows t h a t  on ly  the  

v i b r a t i o n a l l y  cold  leve l  in  the  e x c i t ed  s t a t e  i s  f r e e  o f  r a d i a t i o n l e s s  

decay. More r e c e n t l y ,  Blazy and Levy (2 7 ) ,  us ing  a f r e e  j e t  expansion 

sys tem, have shown t h a t  f lu o rescen ce  i s  n e g l i g i b l e  blue o f  5550 A. 

Assuming t h a t ,  in  t h e i r  v i b r a t i o n a l l y  cold  r e l a t i v e l y  c o l l i s i o n l e s s  j e t ,  

t h e se  workers can observe  emission from h ighe r  members o f  the  v i b r a t i o n a l  

p ro g res s io n s  o f  th e  e x c i t e d  s t a t e ,  t h e se  r e s u l t s  a re  in  good agreement
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with McDonald's work.

Molecular o r b i t a l  c a l c u l a t i o n s  (28 ,29 ,30)  a ss ig n  th e  h ig h e s t  

occupied molecular  o r b i t a l s  as , B2 , and Ag in  symmetry (Cgv ). a l l  

ly ing  very  c lo s e  in  energy .  The f i r s t  v i r t u a l  o r b i t a l  i s  th us  Aj which 

i s  s t r o n g ly  Cr-Cl an t i -b o n d in g  and weakly Cr-0 bonding. Thus,  th e  th re e  

expected e x c i t e d  e l e c t r o n i c  s t a t e s  a r e  Ag, B-j, and B2 - The o r i g i n s  o f  

the  f i r s t  e x c i t e d  systems a re  near  17,200 cm"1 and the  energy discrep-, 

ancy between th e se  n e a r - ly in g  s t a t e s  i s  thus  around 200-300 cm”1 . An 

a d d i t i o n a l l y  i n t e r e s t i n g  s e m i - c l a s s i c a l  c a l c u l a t i o n  (31) shows t h a t  the  

d e n s i t y  o f  ground s t a t e  v i b r a t i o n a l  l e v e l s  near the  17,200 cm”1 o r i g i n  

i s  approximate ly  3 x 10® per cm'1 .

A s tudy by Halonbrenner ,  e t  a l  (18) us ing f l a s h  p h o to ly s i s  in d ic a te d  

t h a t  Cr02Cl2 p h o to d i s so c ia t e s  to  y i e l d  Cr02 and Cl2 v ia  formation o f  the  

t r a n s i e n t  CrOgCl. Furthermore,  th e se  workers t e n t a t i v e l y  ass igned  the  

e l e c t r o n i c  s p e c t r a  o f  CrOgCl and CrOg. Based on th e se  r e s u l t s ,  t h r e e
0 0 o

wavelengths ,  namely 6300 A, 5300 A, a n d 4000 A, which a r e  s u f f i c i e n t l y  

f a r  a p a r t  to  be i d e n t i f i e d  as o r i g i n a t i n g  from CrOgClg, Cr02 » and 

CrOgCl, r e s p e c t i v e l y  were chosen fo r  d e t a i l e d  a n a l y s i s .

Armed with t h i s  b r i e f  i n t r o d u c t i o n ,  we w i l l  now d e sc r ib e  the  

r e s u l t s  o f  our work on CrOgClg, which we b e l i e v e  i s  on ly  the  f i r s t  o f  

a family  o f  molecules  which w i l l  e x h i b i t  IER upon i n f r a r e d - l a s e r  

e x c i t a t i o n .

The CrOgClg in f r a r e d  f req u en c ie s  a r e  shown in  Table I and the  

a b so rp t io n  spectrum, under low r e s o l u t i o n ,  i s  shown in  Figure 1. As 

a l r e ad y  mentioned, th e r e  a re  two a b s o r p t i o n s ,  and in  th e  10 p 

reg ion  t h a t  co in c id e  with the  COg-laser em is s ion .  These correspond to 

th e  Cr-0 symmetric s t r e t c h  a t  995 cm"1 and to  the  asymmetric Cr-0 s t r e t c h
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TABLE 1. Publi shed v i b r a t i o n a l  f requenc ies  o f  Cr02Cl2 (ground s t a t e ) . 2

Symmetry (C2y) Mode v (cm- 1 ) D esc r ip t ion

A1 (2) V1 995b Cr-0 s t r e t c h

V2 475b Cr-Cl s t r e t c h

V3 356b Cr02 bend

V4 140C CrCl2 bend

A2 v5 224C 02-C l2 to r s i o n

B1 (x) v6 1000b Cr-0 s t r e t c h

v7 215C Cr02 rock

B2 (y) V8 500b Cr-Cl s t r e t c h

V9 257C CrCl2 rock

aAs taken from Ref.  21 

bVapor va lues  20 

c Liquid values  22, 23



TR
A

N
SM

IT
TA

N
C

E 
(p

er
ce

nt
)

34.

WAVELENGTH (microns)

9 9.5 10 II 12
100

80

60

40

20

100000
FREQUENCY (c m " 1)

800900
I

Figure 1. The i n f r a r e d  spec trum-of  CrOgClg (5 t o r r ) .



a t  1000 cm”  ̂ r e s p e c t i v e l y .  Absorption measurements,  w i th  unfocused 

geometry u t i l i z i n g  both  conventional power-meter and o p to - a c o u s t i c  

te ch n iq u es ,  r ev ea led  Cr02Cl2 a b so rp t io n  o f  r a d i a t i o n  from th e  R-branch 

t r a n s i t i o n s  o f  t h e  10.6 y band o f  t h e  C02 l a s e r .  No s i g n i f i c a n t  

a b so rp t io n  could be d e t e c t e d  us ing P-branch 1 0 . 6 y t r a n s i t i o n s  o r  

those  from th e  9 .6  y band. Figure  2 d i s p l a y s  th e  a b so r p t io n  spectrum 

ob ta ined  us ing o p t o - a c o u s t i c  measuring te ch n iq u e s .  Convent ional 

a b so rp t io n  exper im en ts ,  measured a t  th r e e  l a s e r  f l u e n c e s ,  y i e ld e d  

a b so r p t io n  c o e f f i c i e n t s  o f  0.074 cm‘  ̂ and 0.0035 cm“  ̂ f o r  t h e  R(30) 

and R(20) l i n e s  r e s p e c t i v e l y .  Thus,  both techn iques  y i e l d e d  s i m i l a r  

r e s u l t s .  Upon focus ing  t h e  l a s e r  r a d i a t i o n  from t h e  10 .6  y R-branch 

t r a n s i t i o n s  i n to  a c e l l  c o n ta in in g  CrOgClg an orange emiss ion can be 

d e te c te d  ac ross  t h e  c e l l .  A p i c t u r e  of  the  f lu o r e s c en c e  i s  shown in 

Figure  3. No f lu o re sc en c e  i s  observed when Cr02Cl2 i s  i r r a d i a t e d  with  

P-branch t r a n s i t i o n s  of  the  10.6 y band nor w i th  t r a n s i t i o n s  o f  th e  

9 .6  y band. At t im e s ,  emiss ion  was observed us ing  t h e  P-branch t r a n s i ­

t i o n s .  However, t h i s  luminescence was not c o n s i s t e n t l y  observed and 

in v a r i a b l y  f r ee ze - th a w  c leanou t  o f  t h e  Cr02Cl2 sample would e l im in a t e  

i t .  T h e re fo re ,  P-branch induced luminescence i s  probably  due to  

im p u r i t i e s  in  t h e  gas .  Only under seve re  c o n d i t i o n s — r e l a t i v e l y  high 

p r e s s u r e ,  e n e r g ie s  above 2 .0  J ,  and very t i g h t  (5 .0  in  l e n s )  fo c u s in g - -  

could 10.6 y P-branch l a s e r  r a d i a t i o n  c o n s i s t e n t l y  induce f lu o r e s c e n c e  

in  a c lean  Cr02Cl2 sample.  In t h i s  r e g a r d ,  i t  i s  impor tan t  to  r e i t e r a t e  

and perhaps ampli fy  on th e  ca re  t h a t  must be taken when performing MPD 

exper im en ts .  Not only can emiss ion  r e s u l t  from sample i m p u r i t i e s ,  bu t  

a l s o , a t  the  high l a s e r  i n t e n s i t i e s  (megawatts and g ig a w a t t s )  used in  

t h e s e  s t u d i e s ,  from window f l u o r e s c e n c e .  E i t h e r  by exceeding the



AR
BI

TR
AR

Y 
U

N
IT

S

36.

10 14 18 22 26 30  34
R BRANCH ( 10 .6 /i)

Figure 2.  The o p to -a c o u s t i c  s igna l  from CrOgClg (unfocused geometry) .



Figure 3. Photograph o f  th e  MPE-induced v i s i b l e  f luo rescence  1n 

CrOgClg (2 t o r r ) .
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t h r e s h o l d - l a s e r  i n t e n s i t y  f o r  window damage o r  by us ing d i r t y  ones ,  

s o - c a l l e d  window f lu o re sc en c e  can be observed even in  comple te ly  

evacuated  c e l l s .  The extraneous  emiss ion i s  u s u a l l y  o f  much s h o r t e r  du r ­

a t i o n ,  conf ined  to  t h e  window a re a  a t  moderate l a s e r  i n t e n s i t i t i e s , and 

can be e a s i l y  e l im in a te d  by us ing  c lea n  windows and by proper  focus ing  

o f  the  l a s e r  r a d i a t i o n .  In a l l  th e  exper iments  r e p o r t e d  in  t h i s  work, 

c a r e  was taken to  i n s u re  t h a t  no window f lu o r e s c e n c e  was p r e s e n t .

Another problem which can a l s o  be encountered  and may perhaps 

e x p la in  some u nexp l icab le  r e s u l t s  found in  the  l i t e r a t u r e  i s  emission 

caused by l a s e r  induced d i e l e c t r i c  breakdown (LIDB). Again,  because o f  

th e  high i n t e n s i t i e s  used in  t h e se  exper im en ts ,  plasma formation can be 

induced by gases by l a s e r  e x c i t a t i o n .  P re l im ina ry  r e s u l t s  o f  t h i s  i n t e r ­

e s t i n g  phenomenon in CrO^C^ have been publ ished  (1 4 ) ,  but i t  i s  s u f f i c i e n t  

to  say t h a t  CrO^Clg can be e a s i l y  "broken down" a t  r e l a t i v e l y  low p re s su re s  

(a few t o r r s ) .  The l i g h t  em i t ted  from t h i s  p ro c e s s ,  which o r i g i n a t e s  

from high energy spec ie s  such as ions and e x c i t e d  r a d i c a l s ,  i s  u s u a l ly  

observed in  t h e  foca l  reg ion  only,  not th roughout  the  c e l l ,  and i s  

conf ined  t o  th e  foca l  cone o f  the  lens  used.  The breakdown emission i s  

i d e n t i f i e d  by the  whi te  l i g h t  (plasma) in  the  c e n t e r  which encompasses 

most o f  the  emission c ross  s e c t i o n  surrounded by a co lo red  (o range - red  

in  th e  case  o f  Cr02Cl2) emission c h a r a c t e r i s t i c  o f  t h e  gas undergoing 

e x c i t a t i o n .  A photograph o f  t h i s  p r o c e s s ,  in Cr02Cl2 , i s  shown in 

F igure  4.  I t  i s ,  t h u s ,  r e l a t i v e l y  easy to  d i s t i n g u i s h  between th e  LIDB 

induced emiss ion  and the  f lu o r e s c e n c e  observed in  the  MPE o f  CrOgClg.

Again,  care  was taken to  in s u re  t h a t ,  excep t  when d e s i r e d ,  t h e  observed 

emiss ion was only due to  mult iphoton  e x c i t a t i o n .

In Figure  5,  th e  t o t a l  luminescence s ig n a l  vs .  e x c i t i n g  l a s e r
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Figure 4.  Photograph o f  the  plasma produced by CO2-LIDB In C r t^C ^  (5 t o r r ) .



frequency i s  shown. I t  i s  e v id en t  from t h i s  spectrum t h a t  th e  

f lu o r escen ce -am p l i tu d e  dependence on d i f f e r e n t  l a s e r  l i n e s  w i th in  the  

R-branch o f  th e  10.6 y band i s  very sm a l l .  The d i f f e r e n t  behav io rs  of  

th e  i n f r a r e d  a b so rp t io n  and v i s i b l e  emission s p e c t r a ,  F igures  3 and 5 

r e s p e c t i v e l y ,  i s  s t r i k i n g .  This i s  no t  s u r p r i s i n g ,  however,  s in ce  the  

o p to -a c o u s t i c  r e s u l t s  with  unfocused geometry measure the  ab so rp t io n  c 

one o r  a t  most a few photons pe r  m olecu le ,  whereas, in  the  f lu o rescen ce  

exper im ents ,  the  Cr02Cl2 molecule must absorb a minimum o f  about 18 

in f r a r e d  photons in  o rd e r  t o  reach th e  e x c i t e d  e l e c t r o n i c  s t a t e  and then 

emit  a v i s i b l e  photon. This behav io r  i s  c o n s i s t e n t  with  the  presence  o f  

a low-lying quasi  continuum which i s  r e l a t i v e l y  e a s i l y  reached a t  moderate 

l a s e r  f luences  and in  which,  because o f  th e  high d e n s i ty  o f  s t a t e s ,  

e s s e n t i a l l y  a l l  f r equenc ie s  can be absorbed .  The much sm a l le r  dependence 

o f  th e  v i s i b l e  emiss ion on e x c i t a t i o n  frequency supports  the  p ro p o s i t io n  

t h a t ,  a t  s u f f i c i e n t  l a s e r  power i n t e n s i t i e s  to  overcome the  anharmonic 

b o t t l e n e c k  in  th e  f i r s t  few v i b r a t i o n a l  l e v e l s ,  mul tiphoton e x c i t a t i o n  

can proceed e f f i c i e n t l y  in the  quasicont inuum. Moreover, i t  i s  

i n t e r e s t i n g  to  p o in t  ou t  t h a t  the  f lu o re sc en c e  i n t e n s i t y  reaches  i t s  

maximum value  with e x c i t a t i o n  from th e  R(26) 10.6 y (979.7  cm“^) C02~ 

l a s e r  t r a n s i t i o n .  E x c i t a t i o n  from the  h ighe r  members o f  t h i s  R-branch 

t r a n s i t i o n ,  as seen in F igure  5 ,  i s  no more e f f i c i e n t  in  e f f e c t i n g  

Cr02Cl2 f lu o rescence  than t h a t  from the  R(26) l a s e r  l i n e .  This 

s h i f t  in the  spectrum may be i n t e r p r e t e d  as a s h i f t  in  the  a b so rp t io n  

spectrum due to  anharmonic i ty  as the  molecule climbs the  v ib r a t i o n a l  

l a d d e r .  This same behavior  has been observed in  the  abso rp t ion  

spectrum o f  the rm a l ly  heated  molecules (3 2 ,3 3 ) .  I t  i s  no teworthy, 

however,  th a t ,  comparing F igures  2 and 5,  t h e - s h i f t ,  which o f  course  i s  

l im i t ed  by the  f r eq u e n c ie s  a c c e s s i b l e  with  our C02 la se r ,  i s  from 984.4 cm'
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Figure 5. P lo t  o f  the t o t a l  luminescence amplitude versus C02 l a s e r  R-branch l i n e s  (10.6 g ) .
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[R(34)]  to  979.7 cm"1 [R{26)] or  5 .3  cm"1 . This  v a lu e ,  undoubtedly ,  

i s  no t  a t r u e  measure o f  t h e  anharmonic s h i f t  bu t  a "compromise" va lue  

between e x a c t  resonance  w i th in  t h e  f i r s t  few t r a n s i t i o n s  and e f f e c t s  

such as  power broadening and r o t a t i o n a l  compensation which tend t o  

overcome mismatches between th e  l a s e r  e x c i t a t i o n  and th e  m olecu la r  

t r a n s i t i o n s .  I t  i s ,  however, impor tan t  not t o  overemphasize th e se  

" d i s c r e t e  l e v e l s "  e f f e c t s .  The s t r i k i n g  behav io r  in  F igure  6 i s  the  

small dependence o f  luminescence i n t e n s i t y  w i th  e x c i t a t i o n  wavelength- -  

a f a c t  which i s  c h a r a c t e r i s t i c  o f  the  quasicontinuum.

Figure 6 p r e s e n t s  the  v i s i b l e  emission observed when the  o u tp u t  o f  

the  COg l a s e r  (0 .2  J )  i s  focused in  a c e l l  c o n ta in in g  CrOgClg a t  a p re s -
A i

su re  o f  5 .0  x 10 t o r r .  When the  l a s e r  ou tpu t  i s  unfocused , no emission  

i s  observed . By comparing Figure 6 to  p re v io u s ly  publ ished  s p e c t r a  

(2 5 ,2 6 ,2 7 ) ,  the  f lu o re sc en c e  i s  i d e n t i f i e d  as o r i g i n a t i n g  from e l e c t r o n i c ­

a l l y  e x c i t e d  CrOgClg. The na tu re  o f  the  e l e c t r o n i c  t r a n s i t i o n  re sp o n s ib le  

f o r  the  emiss ion  i s  not c l e a r .  As a l r e ad y  ment ioned, th e r e  a re  a t  l e a s t  th re e  

s i n g l e t - s i n g l e t  t r a n s i t i o n s  in t h i s  energy r e g io n .  In a d d i t i o n ,  the  

p o s s i b i l i t y  o f  t r i p l e t - s i n g l e t  t r a n s i t i o n s  cannot be ru le d  ou t  s in ce  

such a sp in  fo rb idden  t r a n s i t i o n  may be r e s p o n s ib le  f o r  the  emiss ion 

observed in  m a t r i x - i s o l a t e d  CrOgClg (2 5 ,3 4 ) .  Although phosphorescence 

from the  t r i p l e t  s t a t e  has not been observed in  gas-phase  s t u d i e s  o f  

CrOgClg (2 6 ,2 7 ) ,  i t  cannot be a p r i o r i  d ismissed  in  our i n f r a r e d  m u l t i - 

photon exper im en ts .  This po in t  w i l l  be d iscussed  in  th e  next s e c t i o n .

Upon t i g h t e r  focus ing  ( i . e . ,  h ighe r  f lu en ce )  o f  th e  l a s e r  r a d i a t i o n  

and /o r  a t  h ighe r  CrOgClg p r e s s u r e s ,  the  v i s i b l e  spectrum observed
O

broadens to  the  blue up to  and beyond 3400 A. In a d d i t i o n ,  under t h e se  

c o n d i t i o n s ,  s o l i d  p a r t i c l e s  appear  in  the  c e l l .  These were d e t e c t e d  by
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Figure 6. Molecular f luorescence  spectrum following low-power i r r a d i a t i o n  o f  CrO^Cl^ by a CO2 1
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l i g h t  s c a t t e r i n g  from a He-Ne l a s e r .  I n f r a r ed  spec troscopy (18) ,  x-ray  

a n a l y s i s  (3 5 ) ,  and chemical methods c h a r a c t e r i z e d  the  s o l id  as Cr02 .

In Figure 7,  a photograph ob ta ined  us ing  scanning e l e c t r o n  microscopy 

(SEM) shows the  unusua l ly  small s i z e  (< 1 y) o f  th e se  Cr02 p a r t i c l e s .

The only  o t h e r  d e t e c t a b l e  p roduc t ,  gaseous Cl2 , was i d e n t i f i e d  by mass 

spec t rom etry .  Figure 8 ,  which shows the  d im inu i t ion  o f  the  Cr02Cl2 

i n f r a r e d  s igna l  as a fu n c t io n  o f  l a s e r  p u l s e s ,  c o r ro b o ra te s  these  

f i n d i n g s .  The red u c t io n  in ampli tude o f  t h i s  band i s  accompanied by 

the  bu i ld -u p  o f  brown p a r t i c l e s  in  the  c e l l .

Thus, i t  i s  apparen t  t h a t ,  under more vigorous  c o n d i t i o n s ,  a 

d i s s o c i a t i v e  channel in  Cr02Cl2 i s  achieved by in f r a r e d - m u l t i  photon 

pumping. As mentioned in th e  i n t r o d u c t i o n ,  based on Halonbrenner ' s  (18) 

p h o to d i s so c i a t i o n  s t u d i e s  o f  Cr02Cl2 , th r e e  wavelengths were chosen fo r
o o o

the s tu d y ,  namely,  6300 A, 5300 A, and 4000 A, as r e p r e s e n t a t i v e  o f  the 

t h r e e  s p e c i e s ,  Cr02Cl2 , Cr02 , and CrOgCl r e s p e c t i v e l y .

The luminescence behavior a t  each o f  the  t h r e e  wavelengths as a 

fu n c t io n  o f  l a s e r  energy i s  shown in Figure 9. The s ig n a l s  were obta ined 

us ing 0.040 t o r r  Cr02Cl2 with the  N2~r ich  l a s e r  mixture  us ing a focusing 

geometry (10 inch l e n s )  and with a monochromator-phototube assembly placed 

a t  the  focal p o in t  and p e rp en d icu la r  to  the  l a s e r  o p t i c a l  a x i s .  I t  i s  

impor tan t  to  note  t h a t  the  energy measurements a re  those  ob ta ined  in 

f r o n t  o f  th e  en t rance  window. Of c o u rse ,  because o f  the  focus ing

geometry,  the  f luence  ( en e rg y /a rea )  can be r e l a t i v e l y  high ( t h u s ,  a
2 20.1 J/cm , 1 ysec l a s e r  pulse  focused to  a spo t  o f  approximate ly  1 mm

2
y i e l d s  a f luence  o f  10 J/cm ) .  This f l u e n c e ,  however, i s  e q u iv a l e n t  to

2 ,  • an average power d e n s i t y  o f  10 megawatts/cm --enough to  e f f e c t  m u l t i -

photon a b so rp t io n  in  most polyatomic molecu les .  The da ta  i s  rep o r ted

in  energy u n i t s ,  however, s in ce  t h i s  i s  the  q u a n t i t y  t h a t  was measured

d i r e c t l y .  The y -ax is  o f  t h i s  graph d i s p la y s  the  peak amplitude  obta ined



Figure 7 Scanning E lec t ron  Microscopy (SEM) photo­

graph o f  Cr02 formed by CO^-laser m u l t i - 

photon d i s s o c i a t i o n  o f  CrOgClg.
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from th e  o s c i l l o s c o p e  s i g n a l s .  These have been co r re c t ed  f o r  phototube 

response  accord ing t o  t h e  m a n u fa c tu re r ' s  (RCA) s p e c i f i c a t i o n s  and
O

normalized to  t h e  4000 A s i g n a l .
O

The 6300 A s i g n a l ,  as can be seen from th e  graph, v a r i e s  l i n e r a l y
O

in  th e  range 0 . 2 - 0 . 7  J .  I t  i s  a l s o  e v id en t  t h a t ,  al though th e  6300 A 

emission has th e  s m a l l e s t  energy t h r e s h o l d ,  the  o t h e r  two s i g n a l s  have 

much s t e e p e r  s l o p e s .  T h i s ,  o f  co u rse ,  means t h a t  a t  moderate and high
O O

f luences  th e  5300 A and 4000 A emissions  a re  more in t e n s e  than the
O

6300 A f lu o r e s c e n c e .  The behav io r  o f  the  emission a sc r ib e d  to  Crf^Cl 

and Cr02 sp ec ie s  i s  c o n s i s t e n t  w i th  t h a t  o f  photofragments and 

photoproducts  t h a t  e i t h e r  luminesce o r ,  a t  h ig h e r  p r e s s u r e s ,  a r e  

d e a c t iv a t e d  via  c o l l i s i o n s .  Thus,  under i r r a d i a t i o n  with s u f f i c e n t  

f lu e n c e  and a t  r e l a t i v e l y  low p r e s s u r e s ,  t h e  fragments  emit  very s t r o n g l y .  

The CrOgClg e x c i t e d  m o lecu les ,  on th e  o th e r  hand, have one a d d i t io n a l  

channe l ,  p h o t o d i s s o c i a t i o n ,  by which t h e i r  f lu o re sc en c e  i s  quenched.

This  i s  evidenced by the  much h ighe r  f lu o re sc en c e  quantum y i e l d  

observed f o r  the  d a u g h te r s '  luminescence as compared to  the  p a r e n t ' s
O

f lu o r e s c e n c e .  As can be seen in Figure  9 ,  both th e  4000 A and the
O

5300 A s i g n a l s  e v e n tu a l ly  s a t u r a t e .  As a m a t t e r  o f  f a c t ,  t h e  CrO^Cl 

s ig n a l  seems to  d ecrease  in  i n t e n s i t y  f o r  t h i s  p r e s su re  a t  about 0.75 J .
O

The 6300 A s ig n a l  on the  o t h e r  hand does not e x h i b i t  t h i s  behavior .

This behavior  was mimicked, a l b e i t  a t  h ighe r  f l u e n c e ,  us ing 0 .60  t o r r  

Cr02Cl2 and l a s e r  e n e r g ie s  up to  1 .2  J .  Under t h e s e  c o n d i t i o n s ,  the
o o

photofragments '  emiss ion p la teaued  (5300 A) o r  tu rned  over  (4000 A) a t  

about a l a s e r  energy of  1 J .  The s a t u r a t i o n  o f  th e  emission with 

i n c r e a s in g  f lu e n c e  i s  b e l i e v e d  to  stem from th e  f i n i t e  number o f  

molecules  t h a t  can i n t e r a c t  a t  the  foca l  reg ion  with  t h e  l a s e r  r a d i a t i o n .  

This  i n t e r a c t i o n  volume i s  sm al le r  f o r  photofragment-product ion  s ince



Figure 9. P lo t  o f  th e  luminescence amplitude versus  l a s e r  energy fo r  the
O 0

th r e e  wavelength r e g io n s :  6300 A ( s q u a r e s ) ,  5300 A ( t r i a n g l e s )
O

and 4000 A ( c i r c l e s ) .  CrOgClg p re s su re  was 0.040 t o r r .
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a b s o r p t i o n  o f  some 25 i n f r a r e d  p h o t o n s  p e r  m o l e c u l e  a n d ,  t h e r e f o r e ,
O

very  high power d e n s i t i e s  a re  r e q u i r e d .  The p a ren t  emiss ion  a t  6300 A 

can be achieved by abso rp t io n  o f  1 l a s e r  photons .  Thus ,  as expec ted ,  

t h i s  s ig n a l  i s  con s id e rab ly  more d i f f i c u l t  t o  s a t u r a t e .  These 

s a t u r a t i o n  e f f e c t s  have been observed  in o th e r  MPD exper im ents  {see 

re fe ren ce  33, f o r  example).
O

The reason f o r  the  decrease  in f lu o r e s c e n c e  ampl i tude  o f  t h e  4000 A 

s i g n a l ,  as shown in Figure  9 ,  a t  r e l a t i v e l y  high e n e r g i e s  i s  not 

im nedia te ly  obvious .  Although the  o u tp u t  energy o f  th e  l a s e r  l i m i t e d  our  

a b i l i t y  to  ex tend the  da ta  t o  very high e n e r g i e s ,  t h e  r e s u l t s  a t  

d i f f e r e n t  p re s su re s  seem to  i n d i c a t e  t h a t  t h i s  i s  a r e a l  phenomenon.

A p o s s ib l e  e x p lan a t io n  f o r  t h i s  behavior  i s  t h a t ,  a t  t h e s e  high e n e r g i e s ,  

some o f  t h e  CrC^Cl 2 molecules  a re  a c t u a l l y  d i s s o c i a t i n g  in one s t e p  to  

CrOg. This  pathway, r e q u i r i n g  the  s imultaneous  ( o r  very r a p id  < 50 nsec) 

f i s s i o n  of  two chlorine-chromium bonds,  would ex p la in  t h e  high e n e rg ie s  

r e q u i re d  and a lso  the  decrease  in CrOgCl formation and, t h e r e f o r e ,  

luminescence.  I t  would be i n t e r e s t i n g  to  see  i f  t h i s  d e c rea se  in  t h e  

s ig n a l  a s c r ib e d  to  the  r a d i c a l  would con t inue  a t  very high f l u e n c e s .

Other experiments t h a t  were performed to  prove the  d i f f e r e n c e
O

between the  6300 A s igna l  and the  o th e r s  c o n s i s t e d  o f  mul t iphoton  e x c i t a ­

t i o n  o f  CrOgClg in  the  presence  o f  Clg.  The r a t i o n a l e  behind th e se  was
0 0

t h a t ,  i f  the  5300 A and 4000 A s i g n a l s  were due to  e x c i t e d  CrOg and CrO^Cl, 

r e s p e c t i v e l y ,  Cl2 should quench th e  r a d i c a l ' s  and th e  p r o d u c t ' s  emiss ions  

more e f f i c i e n t l y  than th e  p a r e n t ' s .  Indeed, i t  was found t h a t ,  with 

mixtures  o f  CrOgClg to  Cl,, in  th e  r a t i o s  o f  1 :3  through 1 :1 1 ,  th e  5300 A
O

and 4000 A ampli tudes  were t y p i c a l l y  quenched t h r e e  and two t im e s ,  re sp ec -
O

t i v e l y ,  as e f f i c i e n t l y  as the  6300 A s i g n a l .  A t y p i c a l  s e t  o f  exper im ents  

us ing 1 t o r r  o f  CrOgCl^ and 11 t o r r  o f  Cl2 i s  d i sp la y ed  in  Fig .  10.  This



6300 A 5300 A 4000 A

Figure 10. Scope photographs o f  the  emission in neat  Cr02Cl2 (1 t o r r ) ,  top row, and in a 1:10 mixture o f  
CrO^Cl2 :C12 (bottom row) r e s u l t i n g  from multiphoton e x c i t a t i o n  with a C02 l a s e r .  Reading from 

l e f t  to r i g h t :  6300 A, 5300 A, and 4000 A,



behavior  i s  c l e a r l y  c o n s i s t e n t  with i n h i b i t i o n  of p roduct  formation by
O

Clg. I t ,  fu r the rm ore ,  i s  a n o th e r  i n d i c a t i o n  t h a t  t h e  6300 A emission 

i s  d i s t i n c t  in  o r i g i n  from th e  o t h e r  two.

The t im e -p r e s su r e  behav io r  o f  th e  f lu o r e s c e n c e  s ig n a l  was a l s o  

s t u d i e d .  Before  d i scu ss in g  t h e s e  e x p e r im en t s ,  i t  i s  worthwhile  to  p o in t  

ou t  t h a t  " c o l l i s i o n l e s s  co n d i t io n s "  i s  a term which i s  used d i f f e r e n t l y  

by d i f f e r e n t  r e s e a r c h e r s .  On th e  one hand, t h e r e  a re  t h e  " p u r i s t s "  who 

b e l i e v e  t h a t  anything le s s  than a molecu lar  beam c o n s t i t u t e s  a 

c o l l i s i o n a l  exper iment .  At the  o t h e r  extreme,  t h e r e  a r e  those  who a re  

s a t i s f i e d  by us ing "low" p r e s s u r e s .  This  te rm,  o f  c o u r s e ,  w i thou t  any 

accompanying evidence i s  c e r t a i n l y  not enough to  in s u re  t h a t  

c o l l i s i o n s  do not play a r o l e .  Although no t  under m olecu lar  beam 

c o n d i t i o n s ,  we wi l l  see  t h a t  the  e x c i t a t i o n  and subsequent d i s s o c i a t i o n  

o f  CrOgClg can be c a r r i e d  out under a p p r o p r i a t e l y  c o n t r o l l e d  p re s su re  

regimes and l a s e r  pu lse  d u ra t io n s  t o  t r u l y  achieve  c o l l i s i o n l e s s  

c o n d i t i o n s .
O

In Figure  11, the  behav ior  o f  t h e  CrC^Clg emiss ion a t  6300 A us ing 

both long and s h o r t  l a s e r  pu lses  i s  d i s p l a y e d .  For comparison, t y p i c a l  

l a s e r  pu lses  with and w i thou t  N2 in  th e  m ix ture  a re  a l s o  shown. I t  i s  

q u i t e  e v id e n t  t h a t ,  a l though the  s i g n a l ' s  r i s e  t ime (t ime r e q u i re d  to  

reach 90% o f  maximum) i s  the  same i n  both c a s e s ,  th e  l i f e t i m e s  a re  no t .  

Moreover,  upon c lo se  exam ina t ion ,  a second r i s e  t ime o r  sh o u ld e r  can be 

observed in  th e  decay o f  th e  s igna l  o b ta in ed  using  th e  long p u l s e .  The 

shape o f  t h i s  s igna l  c lo s e ly  resembles t h a t  o f  th e  long l a s e r  p u l s e .  

Fur thermore ,  when the  t a i l  o f  th e  l a s e r  p u l s e  was e l im in a te d  by using 

Ng-free  l a s e r - g a s  m ix tu res ,  on ly  th e  r a p id  r i s e  component o f  the  

f l u o r e s c en c e  was p r e s e n t .  This two-component long pu lse  behav io r  o f
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Figure 11. Scope photographs o f  th e  l a s e r  p u l s e ,  
R(26) 10.6  y ,  L, and o f  f lu o rescen ce

O
a t  6300 A, F, us ing long ( top)  and 
s h o r t  ( i n v e r t e d )  l a s e r  p u l s e s .
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th e  luminescence was observed a t  d i f f e r e n t  p re s su re s  (m torrs  to  t o r r s )  

and d i f f e r e n t  e n e rg ie s  (up to  2 J ) .  As Figure  11 shows, th e  second 

component comes con s id e rab ly  l a t e r  than the  i n i t i a l  s p ik e —*and reaches 

maximum i n t e n s i t y  a t  about 1 u see .  S in c e ,  as we s h a l l  s e e ,  t h e r e  a re  

a t  l e a s t  10 Cr02Cl2-Cr02Cl2 c o l l i s i o n s  in  one usee  a t  a p re s su re  of  

10 m to r r ,  t h i s  second component cannot be cons ide red  to  be c o l l i s i o n l e s s  

except a t  extremely  low p re s su re s  ( «  1 m to r r ) .  Moreover, t h i s  delayed 

emission  w i l l  i n t e r f e r e  w i th  f lu o r e s c e n c e  l i f e t i m e  s tu d i e s  as a fu n c t io n  

o f  p re s su re .  What t h e se  f a c t s  i n d i c a t e  i s  th e  need to  account f o r  

pu lse  leng th  as well as p re s su re  in i n t e r p r e t i n g  MPD exper iments .  In 

th e  p r e s e n t  work,  t h e r e f o r e ,  t h e  N2- f r e e  s h o r t  pu lse  was used to  s tudy 

the  t ime development of  the  luminescence s i g n a l .  Before  d e sc r ib in g  the  time 

re so lved  s t u d i e s ,  i t  i s  i n t e r e s t i n g  to  b r i e f l y  d i scu ss  th e  o r i g i n  o f  the  

second r i s e  t im e. Although the  p re s su re  c o n d i t io n s  under which i t  was 

observed were never t r u l y  c o l l i s i o n l e s s ,  the  f a c t  remains t h a t  the  

second component can be c l e a r l y  observed a t  p re s su re s  as low as 10 m to r r .  

This seems to  i n d i c a t e  t h a t  t h e r e  i s  enough energy in the  t a i l  o f  the  

l a s e r  pu lse  t o  cause t h e  a b so rp t io n  o f  most i f  not a l l  o f  the  18 to  25 

photons r e q u i re d  f o r  o b se rva t ion  o f  emiss ion o r  d i s s o c i a t i o n  o f  Cr02Cl2 

r e s p e c t i v e l y .  This o b se rv a t io n  aga in  shows t h a t ,  i f  t h e  power i n t e n s i t y  

requ irem ents  t o  overcome th e  "up the  ladder"  anharmonic i ty  e f f e c t  f o r  

th e  f i r s t  few l e v e l s  a re  met,  MPD can proceed e f f i c i e n t l y  a t  r e l a t i v e l y  

low l a s e r  e n e r g i e s —as low as those  a v a i l a b l e  in  th e  t a i l  o f  th e  

p u l s e .  S im i la r  r e s u l t s  have been observed in  o th e r  molecules (13 ,35) .

Having e s t a b l i s h e d  th e  importance o f  p re s su re  and l a s e r  pu lse  

leng th  in  t ime development s t u d i e s ,  we a re  ready to  d i scu ss  th e  r e s u l t s .  In 

Figure 12,  the  r i s e  t ime o f  th e  luminescence s i g n a l ,  using the  s h o r t  pulse



Figure 12. Scope t r a c e s  emphasizing the  r i s e  t imes o f  th e  emission

s i g n a l s  in  CrC^Cl2 (50 m tor r )  a t  th e  t h r e e  wavelengths
6300 A ( a ) ,  5300 R ( b ) ,  and 4000 A (c) us ing a long l a s e r

0
p u l s e .  Also* the  s igna l  d e tec te d  through a 6328 A (d) 
l a s e r  f i l t e r  u s ing  th e  s h o r t  l a s e r  pu lse  i s  shown.
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i s  d i sp layed  f o r  the  th r e e  wavelengths chosen fo r  d e t a i l e d  s tu d y .  The 

f i r s t  t h in g  to  n o t i c e  i s  t h a t  the  th r e e  r i s e  t imes a re  i n d i s t i n g u i s h a b l e .  

Moreover, t h e  o nse t  o f  a l l  t h r e e  s i g n a l s  i s  approximate ly  th e  same—50 to 

100 n s e c - - a f t e r  th e  s t a r t  o f  the  l a s e r  p u l s e .  These f a c t s ,  a l though 

d i s a p p o in t in g  in view o f  our hypo thes i s  t h a t  th e  t h r e e  emiss ions  a re  

due to  d i f f e r e n t  s p e c i e s ,  a r e  not unexpected given our 50 nsec 

exper imental  u n c e r t a i n t y .  The d i s s o c i a t i o n  o f  a p a re n t  molecule and t i /  

subsequent abso rp t io n  o f  i n f r a r e d  photons by th e  photof ragments  a re  

process t h a t  occur  in  picoseconds  o r  a t  most nanoseconds (1 1 ,1 2 ) .  There­

f o r e ,  given our  d e t e c t io n  u n c e r t a i n t y  and a l a s e r  pulse  o f  200 nsec FWHM, 

th e se  ex tremely  f a s t  s t e p s  a re  in s t a n t a n e o u s .  Thus, any r i s e  t ime 

d i f f e r e n c e s  t h a t  might e x i s t  among the  t h r e e  s i g n a l s  a re  beyond our 

d e t e c t i o n .

The emiss ion r i s e  t ime i s  e s s e n t i a l l y  equal to  t h a t  o f  th e  l a s e r  

pulse  200 nsecs)  and i t  i s  independent o f  p re s su re  even as low as 

lO”4 t o r r .  At t h i s  p r e s s u r e ,  from k i n e t i c  t h e o r y ,  we can c a l c u l a t e  

t h a t  t h e r e  a re  approximate ly  10"^ c o l l i s i o n s / u s e c .  Since the  r i s e  time 

o f  the luminescence occurs  well w i th in  the  pu lse  envelope (200 nsecs 

FWHM), Figure 11,  th e  c o l l i s i o n l e s s  n a tu re  o f  the  p rocess  i s  e s t a b l i s h e d .

At low p re s su re  and low f lu e n c e s ,  a second component to  the  r i s e  

t ime can be observed .  Figure 13 c l e a r l y  d i s p la y s  t h i s  behav io r .  This 

slower bu i ldup o f  the  s igna l  i s  no t  observed when e i t h e r  the  f luence  

and /o r  the  p re s su re  i s  in c r e a s e d ,  as evidenced by s i g n a l s  b and d and 

by Figure 12.  This would seem to  i n d i c a t e  t h a t  i t  i s  a c o l l i  s iona l  

induced component. As th e  p re s su re  i s  r a i s e d  and th e  c o l l i s i o n  frequency  

in c re a s e s  an d /o r  as t h e  t h e  f luence  i s  in c re a se d  and th e  number o f  s t a t e s  

reached by t h e  l a s e r  pumping i n c r e a s e s ,  t h i s  p a r t  o f  t h e  s ig n a l  ge ts  

f a s t e r  u n t i l  i t  u l t i m a t e l y  c o in c id es  with  the  c o l l i s i o n l e s s  r i s e  t ime .



Figure 13.  Scope photographs o f  the  6328 A s igna l  us ing  the  s h o r t  l a s e r  

pu lse  (0 .15 J )  bu t  d i f f e r e n t  CrOjClg p r e s s u r e s :  
a )  50 mtorr  b) 2 t o r r .

O
Also,  bottom row, shows th e  6300 A emission  produced in  50 
mtorr o f  CrOjClg by long l a s e r  pu lses  o f  e n e r g ie s  0 .20 J (c) 
and 0 .70  J (d ) .
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i . e . ,  the  s igna l  i s  pu lse  l i m i t e d .  However, cau t ion  must be exerc ised  

with  t h i s  i n t e r p r e t a t i o n  as w i l l  be shown below.

Experiments were done with pre-mixed mix tures  o f  Cr02Cl2 and He 

in the  r a t i o  1:240.  These were done using both s t a t i c  and flow 

systems. In a d d i t i o n  to  r o t a t i o n a l  e q u i l i b r a t i o n ,  t h i s  system allowed 

us t o  reach very low Cr02Cl2 p re s su re s  in  a bath o f  r a r e  gas .  Moreover, 

Cr02Cl2-Cr02Cl2 c o l l i s i o n s  a r e  v i r t u a l l y  n o n - e x i s t e n t  even a t  t imes as
O

long as ysecs .  Figure  14 shows a t y p i c a l  f lu o r e s c en c e  (6300 A) s igna l  

a t  a t o t a l  mix ture  p re s su re  o f  24.1 t o r r  ( o . l  t o r r  o f  Cr02Cl2) .  The 

r i s e  t ime c l e a r l y  c o n s i s t s  o f  only one component, t h e  c o l l i s i o n l e s s  

( in  th e  Cr02Cl2-Cr02Cl2 sense )  one.  For comparison, the  emission  s igna l  

o f  a 0.1 t o r r  sample o f  n e a t  CrOgCl,, i s  a l so  d i sp la y ed .  Although i t  

would appear t h a t  t h i s  proves the  c o l l i s i o n a l  n a tu re  o f  the  second com­

ponent,  the  f a c t  t h a t  the  t o t a l  amplitude does not decrease  and, in f a c t ,  

i n c re a se s  in  th e  presence o f  r a r e  gas does not support  t h i s  i n t e r p r e t a t i o n .  

An a l t e r n a t i v e  e x p lan a t io n  i s  t h a t  th e  r o t a t i o n a l  b o t t l e n e ck  due to mis­

matches r e s u l t i n g  from anharmonic i ty  in  the  pumped v ib r a t i o n a l  mode i s  

not  homogeneously overcome a t  low p re s su re s  o f  nea t  Cr02Cl2 and low l a s e r  

i n t e n s i t i e s .  Thus, some molecules a re  in  s t a t e s  w i th in  th e  r o t a t i o n a l  

manifold from which e x c i t a t i o n  i s  e i t h e r  very unfavorab le  o r  impossible

a t  a given l a s e r  i n t e n s i t y .

However, in t h e  presence  o f  He, t h i s  b a r r i e r  i s  e a s i l y  overcome by 

Cr02Cl2- r a r e  gas c o l l i s i o n s .  These in c r e a s e  th e  f r a c t i o n  o f  the  

popu la t ion  t h a t  can be s u f f i c i e n t l y  e x c i t e d  by th e  l a s e r  to  e f f e c t  

emiss ion .  This enhanced in f r a r e d  l a s e r  abso rp t io n  by molecules in  

r a r e  gas ba ths  has been documented b e fo re  in  o t h e r  m o le c u le s (36 ,37) .  What 

t h e se  f a c t s  imply i s  t h a t  t h e  slow r i s e  component i s  due t o  molecules
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Cr02Cl

CrOgCl + He

Figure 14. Fluorescence s igna l  a t  6300 A induced by a sh o r t  
l a s e r  pu lse  in  n ea t  Cr02Cl2 (0 .10  t o r r ) ,  t o p ,  and 

a mixture  He o f  0.10 t o r r  Cr02Cl2 and 240 t o r r .
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t h a t  a re  "bo t t lenecked"  by mismatches in th e  d i s c r e t e  v i b r a t i o n a l  l e v e l s  

u n t i l  th e  l a s e r  i n t e n s i t y  i s  s u f f i c i e n t l y  high so t h a t  t h e  Rabi 

frequency i s  l a rg e  enough t o  b r in g  th e se  molecules  i n t o  th e  

quasicontinuum. I t  i s  impor tan t  to  p o in t  ou t  t h a t  t h i s  e x p lan a t io n  i s  

a l s o  c o n s i s t e n t  with th e  absence o f  a slow r i s e  t ime component with 

h ig h e r  Cr02Cl2 p re s su re s  s in c e  CrOgClgrCrOgClg c o l l i s i o n s  should  be 

extremely e f f i c i e n t  in  making up small r o t a t i o n a l  energy gaps .  Thus, 

we must conclude t h a t  the  slow r i s e  component i s  due to  t h e  d i s t r i b u t i o n  

o f  r o t a t i o n a l  s t a t e s  w i th in  the  ground v i b r a t i o n a l  l e v e l .  C o l l i s i o n a l  

compensation,  whether  by CrC^Clg o r  r a r e  gas m olecu les ,  o f  t h i s  r o t a t i o n a l  

b o t t l e n e c k  i s  no t  only r e f l e c t e d  by the  pu lse  l i m i t e d  r i s e  t ime a t  low 

p r e s s u r e s ,  but a l s o  by the  l a r g e r  f r a c t i o n  o f  molecules t h a t  e m i t ,  i . e . ,  

in c reased  f lu o re sc en c e  am pl i tude .  P a r e n t h e t i c a l l y ,  the  r a r e  gas 

experiments c l e a r l y  demonst ra te  th e  c o l l i s i o n l e s s  n a tu r e  o f  th e  

e x c i t a t i o n  and d i s s o c i a t i o n  of  CrOgClg* s in c e  th e  l a r g e  HerCrO^Clg r a t i o s  

and low t o t a l  p ressu res  used in su red  th e  absence o f  CrOgClg-CrOgClg 

c o l l i s i o n s  dur ing  the  l a s e r  p u l s e .

The e x i s t e n c e  o f  a r o t a t i o n a l  b o t t l e n e c k  in t h e  MPE and MPD of  

CrOgClg i s  a l s o  c o n s i s t e n t  with t h e  o b se rv a t io n  t h a t ,  f o r  a given 

f l u e n c e ,  th e  t r u n c a t e d  p u ls e  y i e ld e d  both  a h ig h e r  luminescence quantum 

y i e l d  and a l s o  a s m a l l e r  ( o r  no) slow r i s e  t ime component than the  

normal pu lse  d id .  As p re v io u s ly  s t a t e d ,  t h e  Rabi frequency  and, t h u s ,  

t h e  power broadening induced by th e  l a s e r  f i e l d  i s  p ro p o r t io n a l  to  the  

peak i n t e n s i t y  r a t h e r  than t o  th e  l a s e r  f l u e n c e .  T h e r e f o r e ,  compensation 

f o r  mismatches in  the  "up-pumping" p ro c e s s ,  whether due to  anharmonic 

e f f e c t s  and /o r  th e  ensem ble 's  d i s t r i b u t i o n  o f  r o t a t i o n a l  e n e r g i e s  w i th in  

a v i b r a t i o n a l  l e v e l ,  i s  more e a s i l y  r e a l i z e d  w i th  a s h o r t  r a t h e r  than a
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long p u lse  f o r  a given l a s e r  f l u e n c e .

S tud ies  o f  th e  f lu o re sc en c e  l i f e t i m e  as a f u n c t io n  o f  p re s su re  were 

a l s o  performed. L i fe t im es  were recorded from the  o s c i l l o s c o p e  t r a c e s  

and, f o r  a given p r e s s u r e ,  were ob ta ined  by measuring th e  s i g n a l ' s  width  

( i n  say ,  y secs )  a t  0.667 t imes th e  peak ampl i tude .  This i s  e s s e n t i a l l y  

e q u iv a l e n t  as w i l l  be shown below, to  measuring the  decay t ime o f  the  

s ig n a l  from i t s  peak value  and, in a d d i t i o n ,  account ing  f o r  th e  s lo p e  o f  

the  r i s e  t ime.  The te rms ,  l i f e t i m e  and decay t ime, a re  o f t e n  used 

in te rch an g eab ly  when the  b u i ld -u p  of  the  s i g n a l ,  as i s  t r u e  in  the  

p re s e n t  c a s e ,  i s  in s tan taneous  compared to  i t s  decay.

The l i f e t i m e  measuring procedure  i s  based on th e  fo l lowing 

o b s e r v a t io n s .  The ampl itude decay of  th e  luminescence s ig n a l  can be 

expressed  by an e x p o n en t i a l :

A = A0 r k t

where A is  th e  s i g n a l ' s  ampli tude  a t  t im e ,  t ;  A0 i s  the  maximum am pl i tude ;  

and k i s  th e  r a t e  c o n s ta n t  f o r  the  quenching p ro c e ss .  Since t h i s  

equat ion  as w r i t t e n  i s  independent of  p re s su re  o r ,  more a p p r o p r i a t e l y ,  

i s  v a l id  f o r  the  s igna l  a t  a p a r t i c u l a r  p r e s s u r e ,

k  -  ( t ) - 1

where t  i s  th e  decay t ime of  t h e  e x c i t e d  s t a t e  and, t h e r e f o r e ,  we have

a = a .  r t /T
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Since  we a re  i n t e r e s t e d  in  f in d in g  th e  decay t ime ,  we l e t  t  = t  in  the 

l a s t  eq u a t io n  w i th  the  r e s u l t  t h a t :

A = %  f o r  t  = t  £

This  equa t ion  s t a t e s  t h a t  the  l i f e t i m e  o f  the  s t a t e  i s  t h a t  t ime f o r  

which th e  s ig n a l  has decayed to  l / £  ( o r  0.368) o f  i t s  maximum v a lue .  

Thus,  in  p r a c t i c e ,  th e  l i f e t i m e s  were ob ta ined  by no t ing  th e  t ime a t  

which th e  s ig n a l  had l o s t  2 /3  o f  i t s  peak va lue .

Using t h i s  p rocedure ,  t h e  f lu o re sc en c e  l i f e t i m e  as a fu n c t io n  of 

Cr02Cl2 p re s su re  was i n v e s t i g a t e d  under s h o r t  l a s e r  p u lse  i r r a d i a t i o n .
O

The r e s u l t s  o f  t h i s  s tudy f o r  th e  6300 A s ig n a l  a r e  p l o t t e d  in  Figure  

15. This Stern-Volmer p l o t  obeys t h e  r e l a t i o n s h i p

where t i s  the  l i f e t i m e ,  t c i s  the  c o l l i s i o n l e s s  (monomolecular) or 

pu re ly  r a d i a t i v e  l i f e t i m e ,  t " 1 i s  the  c o l l i s i o n a l  quenching r a t e  c o n s t a n t ,  

and P i s  the  CrOgClg p r e s s u r e .  Thus, i f  t ’ 1 i s  p l o t t e d  a g a in s t  Cr02Cl2 

p r e s s u r e ,  as in  Figure  15,  th e  s lope  o f  the  r e s u l t i n g  s t r a i g h t  l i n e  i s  

the  c o l l i s i o n a l  quenching r a t e  c o n s t a n t ,  and the  y - i n t e r c e p t  i s  the  

in v e r se  monomolecular l i f e t i m e ,  .

Each p o in t  p l o t t e d  in  Figure  15 i s  th e  average  o f  a t  l e a s t  f i v e  

s e p a r a t e  exper iments  and, t o  i n s u r e  sample p u r i t y  and p re s su re  readings  

accu racy ,  a t  l e a s t  one (more f o r  the  lower p r e s s u r e  p o in t s )  exper iment  

was performed w i th  the  Cr02Cl2 c o n s t a n t l y  flowing through th e  c e l l .  No 

s i g n i f i c a n t  d i f f e r e n c e s  in  the  l i f e t i m e s  were observed  between the
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s t a t i c  and the  flow exper im ents .  The quenching r a t e  c o n s ta n t  ob ta ined

from the  s lope  o f  the  l i n e  in Figure 15 y i e l d s  a value o f  1 .0  x 107 
-1 -1sec t o r r  . This c o l l i s i o n a l  va lue i s  in  e x c e l l e n t  agreement with t h a t  

o b ta ined  by McDonald ( 1 .8  x 107 s e c ” ^ t o r r " ^ ) (26) us ing dye l a s e r  

e x c i t a t i o n  o f  CrOgClg. The r e s u l t  ob ta ined  f o r  the  b im olecu lar  

quenching r a t e  o f  the  e l e c t r o n i c  f lu o re sc en c e  can be put in  pe rspec t ix  

w i th  the  a id  o f  the  c o l l i s i o n a l  frequency exp re ss ion  f o r  a hard sphere  

model,

2 ?1 = 2E_  n2 7
v'F

where Z i s  the  number o f  c o l l i s i o n s  pe r  u n i t  t ime and u n i t  p r e s s u r e ,
2

a i s  t h e  c o l l i s i o n a l  c ross  s e c t i o n ,  n i s  the  number o f  molecules per 

cubic  c e n t i m e te r ,  and 7  i s  the  average molecular  v e l o c i t y .  To o b ta in  

a c o l l i s i o n a l  frequency  o f  107 c o l l i s i o n s / s e c * t o r r  us ing t h i s  equa t ion
° 9  2r e q u i r e s  a c ro s s  s e c t i o n  o f  a lmost 100 A . This  l a r g e  value of  c 

emphasizes th e  e f f i c i e n c y  o f  the  f lu o r e s c e n c e  quenching process  in 

Cr02Cl2- -undoubted ly  g r e a t e r  than gas k i n e t i c .  I t  should  be po in ted  ou t ,  

and more w i l l  be s a id  in th e  d i s c u s s i o n ,  t h a t  such e f f e c t i v e  quenching 

o f  f lu o re sc en c e  i s  u s u a l ly  a s s o c i a t e d  w i th  e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  

t h a t  a re  s t r o n g ly  coupled to  o t h e r  s t a t e s  (ground o r  t r i p l e t  s t a t e s ) .
O O

The f lu o rescen ce  quenching r a t e  c o n t s t a n t s  o f  the  4000 A and 5300 A 

s ig n a l s  were 1 .0  ±1 x 107 and 9 ±1 x 10^ s e c ' ^ t o r r ”  ̂ r e s p e c t i v e l y .  These 

va lues  are  s i m i l a r  to  t h a t  obta ined  fo r  the  pa ren t  em iss ion—a f a c t  not 

t o t a l l y  unexpected s in ce  i t  is'  the  CrO^Cl^ bath  o f  molecules  t h a t  i s  

d e a c t i v a t i n g  the  e x c i t ed  s p e c i e ,  be i t  p a r e n t ,  r a d i c a l ,  or p roduct .  

A d d i t i o n a l ly ,  as w i l l  be f u r t h e r  d iscussed  in the  next s e c t i o n ,  th e  f r e ­
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quency o f  the  O-Cr-O symmetric s t r e t c h  remains a t  about 1000 cm"^ in  OO2 

and can be s a f e l y  p o s tu la t e d  to  have a s i m i l a r  value in C ^ C l . Near­

re sonan t  energy t r a n s f e r  from daughter  spec ie s  to  the  cold  Cr02Cl2 bath 

can c o n t r i b u t e  to  the  e f f i c i e n c y  o f  the  quenching p ro cess .
O

The c o l l i s i o n - f r e e  l i f e t i m e  o f  the  6300 A s igna l  as ob ta ined  from 

Figure 15 by e x t r a p o l a t i n g  to zero p ressu re  was 3.85 ±0.5 y sec .  The
O O

5300 A and 4000 A s ig n a l s  e x h ib i t e d  monomolecular l i f e t i m e s  o f  4 .5  ±0.5 ysec

and 2 .6  ±1.0 y sec ,  r e s p e c t i v e l y .  However, work performed a t  lower p re s su re s
-4than those  in the  f i g u r e ,  down to  10 t o r r ,  i n d i c a t e  t h a t  a d i f f e r e n t  

quenching r a t e  predominates fo r  a l l  t h r e e  s p e c i e s .  The data  i s  d i f f i c u l t  to 

analyze  because o f  the  small s i g n a l / n o i s e  r a t i o .  The most s a t i s f a c t o r y  

approach,  given our  exper iment ,  t o  improve th e  s ig n a l  was by in c re a s in g  

th e  l a s e r  energy.  However, with a s h o r t  p u l s e ,  we were s t i l l  l im i t e d  to  

a t  b e s t  0 .2 5 -0 .3 0  J o u le s .  At any r a t e ,  i t  seems c l e a r  t h a t  c o l l i s i o n l e s s  

l i f e t i m e s  in  excess  of  15 ysecs were re p e a te d ly  ob ta ined  and, moreover,  

t h e r e  was a d e f i n i t e  in c re a s e  o f  decay t ime with  a decrease  in  p r e s s u r e .

I t  appears  t h a t  th e  l a rg e  f lu o re sc en c e  quenching c r o s s - s e c t i o n  e x h ib i t e d  

by Cr02Cl2 coupled with our  200 nsec FWHM l a s e r  pu lse  demands even lower 

p re s su re s  (and ,  t h u s ,  b e t t e r  d e t e c t i o n  equipment) than th o se  a v a i l a b l e  

to  t h i s  r e s e a r c h e r .  The p o s s i b i l i t y  t h a t  th e se  long l i f e t i m e s  a r e  

d i f f u s i o n  c o n t r o l l e d  was examined. However, a t  t h e s e  low p re s su re s  

(10-4  t o r r ) ,  th e  t ime of  f l i g h t  o f  a molecule from t h e  d e t e c t o r ' s  

v iew -- the  t ime re q u i re d  f o r  a molecule  to  leave  th e  p h o to tu b e ' s  f i e l d  o f  

view--was c a l c u l a t e d  to  be about  60 y sec s .  Thus,  even t h e  l i f e t i m e s  o f  

15-20 ysecs observed in ou r  experiments  can be s a f e l y  a t t r i b u t e d  to  

m olecu lar  p rocesses  r a t h e r  than exper imental  a r t i f a c t s .

The s in g le -p h o to n  f lu o re sc en c e  exper iments  o f  McDonald (26) y ie ld ed  a
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monomolecular l i f e t i m e  o f  1.34 ysecs f o r  t h e  v i b r a t i o n a l l y  co ld ,  

e l e c t r o n i c a l l y  e x c i t e d  s t a t e .  Moreover, t h i s  va lue  i s  in  agreement 

w i th  t h a t  ob ta ined  from o s c i l l a t o r  s t r e n g t h  c a l c u l a t i o n s  (26) .  These 

r e s u l t s  seem puzz l ing  a t  f i r s t  g lan ce .  However, in  a n t i c i p a t i o n  o f  

the  d i s c u s s i o n ,  i t  should  be s t a t e d  t h a t  s i m i l a r  l i f e t i m e s  should be 

expected  only i f  MPA prepared  th e  molecules  in  t h e  same s t a t e s  as 

convent ional  f lu o re sc en c e  experiments  do. I t  i s ,  t h e re fo re *  e n t i r e l y  

p o s s i b l e ,  and as we s h a l l  see  l i k e l y ,  t h a t  t h i s  i s  indeed not the  

case .

The problem o f  weak s i g n a l s  a t  low p re s su re s  was c i rcumvented,  

a l though not so lv ed ,  by th e  fo l lowing  exper iment .  F luorescence  from 

MPE o f  Cr02Cl2 (10"4 t o r r )  was monitored through an Orie l  63LP 

( long  pass) f i l t e r ,  which t r a n s m i t s  r a d i a t i o n  o f  wavelengths equal to
O

or  g r e a t e r  than 6300 A. F igure  16 shows an o s c i l l o s c o p e  t r a c e  of  t h i s  

s i g n a l ,  which has a l i f e t i m e  of  18.5  y sec s .  Thus,  a t  th e  expense o f  

r e s o l u t i o n ,  we were a b le  to  c l e a r l y  show th e  long emission l i f e t i m e s  a t  

low Cr02Cl2 p r e s s u r e s .  In a d d i t i o n ,  Figure  16 d i sp lay s  the  e f f e c t  of  

added He on th e  decay t ime o f  t h i s  s i g n a l .  I t  i s  ev id en t  t h a t  He 

c o l l i s i o n s  sho r ten  th e  l i f e t i m e  cons ide rab ly  w i thout  a f f e c t i n g  o r  a t  

most s l i g h t l y  i n c r e a s in g  th e  e m is s io n ’s peak am pl i tude .  Both the  55 

t o r r  and 140 t o r r  He s i g n a l s  e x h i b i t  a two component decay. The f a s t  

decay i s  followed by a l o n g e r - l i v e d  t a i l  whose l i f e t i m e  i s  approximate ly  

1.2 and 1.1 ysecs  f o r  t h e  55 and 140 t o r r  He s i g n a l s  r e s p e c t i v e l y .

Thus,  a d d i t i o n  o f  He to  very low (10~4 t o r r )  Cr02Cl2 p re s su re s  c o n s id ­

e r a b ly  reduces th e  f lu o r e s c e n c e  l i f e t i m e .  This i s  an i n t r i g u i n g  f a c t ,  

s i n c e  o r d i n a r i l y  i n e r t  gases  do n o t  e f f e c t i v e l y  quench e l e c t r o n i c  

f l u o r e s c e n c e .  I n e r t  gases have no i n t e r n a l  degrees  of freedom and,
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Figure 16 . O sc i l loscope  t r a c e  o f  s ig n a l s  through a 63 L P f i l t e r  using  
a s h o r t  l a s e r  pulse  induced in 10~4 t  Cr02Cl2 ( a ) ,
1 0 ' 4 t  Cr02Cl2 + 55 t  He (b ) ,  and 10-4 t  Cr02Cl2 + 140 t  He 

( c ) .
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t h e r e f o r e ,  t h e  quenching would r e q u i r e  e l e c t r o n i c  t o  t r a n s l a t i o n a l  o r ,  

a t  l e a s t ,  v ib r a t i o n a l  (w i th in  th e  e x c i t e d  e l e c t r o n i c  s t a t e )  to  

t r a n s l a t i o n a l  energy t r a n s f e r .  These a re  i n e f f i c i e n t  p rocesses  t h a t  

a re  very slow ( t y p i c a l l y  many usees) because they r e q u i r e  many 

c o l l i s i o n s .  I t  should be mentioned t h a t  only in  cases  such as methylglyoxal 

(38) where the  e x c i t e d  r a d i a t i v e  s t a t e  i s  s t r o n g l y  coupled to  a non-(& ^und 

s t a t e )  o r  weakly ( t r i p l e t ,  f o r  example) e m i t t in g  s t a t e ,  have r a re  gases 

been found to  e f f e c t i v e l y  quench e l e c t r o n i c  emiss ion .

The e f f e c t  o f  added r a r e  gas on th e  MPE-induced Cr02Cl2 emission  

was i n v e s t i g a t e d  in a no the r  exper iment .  A mix ture  o f  Cr02Cl2 and Ar, 

in the  r a t i o  1:200 r e s p e c t i v e l y ,  was p repared  and allowed to  s i t  f o r  

seve ra l  hours  in  o rde r  to  in s u re  proper mixing. Then, samples o f  t h i s  

m ix ture ,  a t  d i f f e r e n t  p r e s s u r e s ,  were l a s e r  pumped and t h e  r e s u l t i n g
O

luminescence was d e t e c t e d  as in previous  exper iments  through a 6328 A 

l a s e r  f i l t e r .  This  procedure  allowed a t t a in m e n t  o f  very low Cr02Cl2 

p a r t i a l  p r e s s u r e s ,  while  h ig h e r  and more a c c u ra te  t o t a l  p re s su re  

measurements were being performed. The s tudy  ranged from 4.70 t o r r  to

20.0 mtorr  t o t a l  p re s su re  o r  from 2400 to  0.100 m to r r  Cr02Cl2 p r e s s u r e .

In Figure  17, two o s c i l l o s c o p e  t r a c e s ,  taken  a t  1.70 and 0.0201 t o r r  

t o t a l  p r e s s u r e ,  8 .50 and 0.100 m to r r  o f  CrOgClg r e s p e c t i v e l y ,  a re  

d i s p la y ed .  The h ighe r  p re s su re  t r a c e  e x h i b i t s  two d i s t i n c t  decay 

t im e s - - a  s h o r t  exponent ia l  decay fol lowed by a long t a i l .  The 0.0201 

t o r r  s i g n a l ,  however, c o n s i s t s  o f  a s i n g l e  luminescence l i f e t i m e .  The 

double decay b ehav io r  p e r s i s t e d  f o r  p re s su re s  as low as 0 .500 t o r r  

(2 .50 mtorr  Cr02Cl2) .  The long t a i l  might be a sc r ib e d  to  d i f f u s i o n -  

c o n t r o l l e d  luminescence quenching,  s in ce  the  decay r a t e  decreases  with 

i n c re a s in g  p re s su re .  The d i f f u s i o n  r a t e  i s  p ro p o r t io n a l  t o  1/P and,
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Figure 17.  Emission observed through a 6328 A f i l t e r  a t  1.70 t  ( top)  and 

0.0201 t  t o t a l  p re s su re  o f  a mix ture  o f  Cr02Cl2 :Ar (1:200) 

induced by a s h o r t  l a s e r  p u ls e .
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t h e r e f o r e ,  the  l i f e t i m e  o f  such a process  i s  p ropor t iona l  to  P. The 

presence  o f  the  lo n g - l i v e d  t a i l  a t  a t o t a l  mixture  p re s su re  o f  1.70 

t o r r ,  but i t s  absence,when the  p re s su re  i s  lowered below 0.500 t o r r  

(F igure  1 7 ) ,  i s  c o n s i s t e n t  with t h i s  behav ior .  At low p r e s s u r e s ,  

d i f f u s i o n a l  e f f e c t s  d i sappea r  and only  a s in g le  exponent ia l  i s  observed.

The r e s u l t s  o f  the  luminescence l i f e t i m e  ( s h o r t  one) ob ta ined  in 

t h i s  experiment a re  p l o t t e d  in  Figure 18 as a func t ion  o f  Cr02Cl2 

p r e s s u r e .  I t  should be p a r e n t h e t i c a l l y  mentioned t h a t  l i f e t i m e s  were 

ob ta ined  from p l o t s  o f  In A vs .  t ,  where A i s  the  ampl itude and t  i s  the  

t im e ,  and us ing In A = In  A, - k t ,  the  s lope  o f  the  r e s u l t i n g  s t r a i g h t  

l i n e  y ie ld e d  the  r a t e  c o n s ta n t  k and , t h e r e f o r e ,  the  l i f e t i m e  t  = 1 /k .  

The use o f  t h i s  procedure  r a t h e r  than t h a t  o f  th e  s im ple r  1/i.  method 

p rev io u s ly  desc r ibed  was necessa ry  in  o rd e r  to  in su re  t h a t  only the  

s h o r t  exponent ia l  l i f e t i m e s  were being analyzed .

I t  i s  c l e a r ,  from Figure 18, t h a t  a s i n g l e  s t r a i g h t  l i n e  (S te rn -  

Volmer behav ior )  i s  not c o n s i s t e n t  with th e  d a ta .  A s t r a i g h t  l i n e  can 

be drawn f o r  t h e  h ig h e r  p re s su re s  down to  about 0 .500 mtorr o f  Cr02Cl2 . 

The s lo p e  o f  t h i s  l i n e  y i e l d s  a b im o le c u la r  quenching r a t e  c o n s ta n t  o f  

4 .55  x 107 s e c ' ^ t o r r " ^  which i s  indeed very s i m i l a r  to  t h a t  of  the  

Stern-Volmer p l o t  o f  n ea t  Cr02Cl2 (1 .0  x 107 s e c ~ ^ t o r r “ ^ ) . This  would 

imply t h a t  t h i s  s lo p e  i s  dominated by Cr02Cl2 b im o lecu la r  c o l l i s i o n s  

and th e  th e  added Ar had a small e f f e c t .  At lower p r e s s u r e s ,  a 

d i f f e r e n t  l e s s  e f f i c i e n t  r a t e  p r e v a i l s .  As we s h a l l  s e e ,  t h i s  behavior  

may be exp la ined  by c o n s id e r in g  dephas ing (long range)  c o l l i s i o n s  as 

being e f f i c i e n t  in  d e a c t i v a t i n g  e x c i t e d  molecules .  This  i s  c o n s i s t e n t  

w ith  r a r e  gas quenching o f  the  luminescence and with th e  decreased 

e f f i c i e n c y  o f  added gas p re s su re  (Cr02C l2 o r  Ar) in  d e a c t i v a t i n g  

e x c i t e d  molecules .  This exper iment a l s o  p o in t s  to  t h e  long s i n g l e ­

molecule  l i f e t i m e s  t h a t  can be expec ted .  E x t r a p o l a t i o n  o f  the  low
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Figure  18. Stern-Volmer p l o t  o f  1:200 

mix ture  o f  Cr0oClo in Ar.
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p re s su re  cu rve ,  a l though by no means an a c c u r a t e  p rocedure ,  y i e l d s  an 

i n t e r c e p t  o f  about 0.0200 y sec -  ̂ o r  a c o l l i s i o n l e s s  l i f e t i m e  o f  about

50.0 usees .  Given the  presence  o f  Ar in th e  exper im ent ,  t h i s  va lue  i s  

probably  an upper l i m i t .

Thus, summarizing,  a mix ture  o f  Crt^Clg in  a l a r g e  excess  o f  Ar 

can be m u l t i p h o t o n ic a l ly  e x c i t e d  to  y i e l d  v i s i b l e  f l u o r e s c e n c e .  The 

e x c i t a t i o n  i s ,  undoubtedly,  c o l l i s i o n l e s s  s in c e  i t  can be observed a t  

p r e s su re s  as low as 1.0 x 10“^ t o r r  CrOgClg. The quenching by th e  cold  

bath  d i sp la y s  a t  l e a s t  two d i f f e r e n t  r a t e s ;  the  h ighe r  p re s su re  one being 

very  s i m i l a r  to  t h a t  ob ta ined  f o r  n e a t  CrOgClg. An upper l i m i t  f o r  th e  

monomolecular l i f e t i m e  i s  50 u s e e s —again  co n s id e ra b ly  longe r  than 

McDonald's 1.34 usees .  All these  r e s u l t s ,  as exp la ined  in  the  

D iscuss ion ,  a re  c o n s i s t e n t  w ith  the  n a tu re  o f  t h e  mixed (ground and 

e l e c t r o n i c a l l y  e x c i t ed )  m olecu lar  s t a t e s  in  which t h e  molecule  i s  

prepared  by mul tiphoton e x c i t a t i o n  followed by in v e rse  e l e c t r o n i c  

r e l a x a t i o n .
O

The behav ior  of the  luminescence i n t e n s i t y ,  monitored  a t  6328 A, 

with p re s su re  is  shown in  Figure  19 using the  200 nsec-FWHM l a s e r  pu lse  

co n ta in in g  0.200 J o f  energy. The peak ampli tude  dependence on CrOgClg 

p re s su re  i s  l i n e a r  f o r  low to moderate p r e s s u r e s .  This  p o r t i o n  o f  the  

curve suppor ts  the  c la im of  c o l l i s i o n l e s s  p roduc t ion  o f  th e  f lu o r e s c e n c e  

by the  l a s e r  r a d i a t i o n .  At about 1.00 t o r r ,  t h e  dependence ceases  to  

be l i n e a r  as the  s lope  c o n t in u a l ly  dec rea se s  u n t i l  a p l a t e a u  i s  reached 

a t  about 3.00 t o r r .  Thus,  th e  f lu o re sc en c e  s ig n a l  s a t u r a t e s  a t
O

modera te ly  high CrO^Clg p r e s s u r e s .  Beyond 4 .00 t o r r ,  the  6328 A emission 

a c t u a l l y  began to  decrease  in i n t e n s i t y .  This  c o l l i s i o n a l  quenching o f  

th e  f lu o re sc en c e  ampli tude  i s  not s u r p r i s i n g  s in c e  we can c a l c u l a t e  t h a t
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Figure 19. P lo t  o f  f luorescence ampli tude ,  6300 A, versus p ressure .
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a v i b r a t i o n a l l y  ho t  Cr02Cl2 molecule  can s u f f e r  about 800 c o l l i s i o n s  by 

the  co ld  CrOgClg ba th  (4 t o r r )  dur ing  t h e  t ime t h a t  the  l a s e r  p u ls e  i s  

on.

Though th e  p r i n c i p a l  theme o f  t h i s  work i s  t h e  c o l l i s i o n l e s s  

p roduc t ion  o f  luminescence and, more s p e c i f i c a l l y  o f  p a ren t  

f lu o r e s c e n c e ,  v ia  mul t iphoton  a b s o r p t i o n ,  c o l l i s i o n s  whenever impor tan t  

have not been igno red .  As a m a t t e r  o f  f a c t ,  much work was o f t e n  

in v e s ted  in  i n s u r i n g  c o l l i s i o n l e s s  c o n d i t i o n s .  However, th e  f a c t  t h a t ,  

even a t  low to  moderate p re ssu res ,  a c o l l i s i o n a l  component o f  the  

luminescence was p r e s e n t  i s  s u r p r i s i n g .  F igure  20 d e p ic t s  t h e  two
O

components o f  t h e  luminescence s ig n a l  a t  th e  t h r e e  waveleng ths ,  6328 A,
O 0

5308 A, and 4000 A r e s p e c t i v e l y  read ing  c lockwise  from l e f t  t o  r i g h t .

The C r ^ C l g  p r e s su re  was 6 .0  m to r r .  As i s  .evident from the  

o s c i l l o s c o p e  p i c t u r e s ,  emphasis was p laced  on th e  delayed component and, 

t h e r e f o r e ,  t h e  i n i t i a l  luminescence pu lse  i s  not comple te ly  observab le  

in  two o f  t h e  p i c t u r e s .

The c o l l i s i o n a l  n a tu re  o f  the  second s ig n a l  i s  c l e a r l y  e s t a b l i s h e d  

s in ce  i t  begins  a t  l e a s t  1.8 t o  2.0 psecs  a f t e r  th e  beginning o f  th e  

l a s e r  p u ls e ;  i . e . ,  i t  begins  t o  develop a t  l e a s t  1.2 usees a f t e r  the  

l a s e r  pu lse  i s  o f f .  A d d i t i o n a l l y ,  t h e  r i s e  t imes  a r e  c o n s id e rab ly  longer 

than those  o b ta in e d  under c o l l i s o n l e s s  c o n d i t i o n s  and which followed 

t h e  l a s e r  p u l s e  r i s e  (200 n s e c s ) .

This  c o l l i s i o n a l  s ig n a l  in c r e a s e s  in  ampl i tude  w i th  l a s e r  p u lse  

en e rg y ,  with Cr02Cl2 p r e s su re , a n d  i t s  o n se t  can be a c c e l e r a t e d  with 

in c re a s e d  Cr02Cl2 p r e s s u r e .  Rare g a s e s ,  added to  Cr02C l2 , e l im in a te d  

t h i s  s ig n a l  by p re v e n t in g  Cr02C l2 c o l l i s i o n s .  These f a c t s ,  in  c o n t r a s t  

t o  p rev io u s ly  d e sc r ib e d  c o l l i s i o n l e s s  ex p e r im en t s ,  a r e  as expected f o r
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Figure  20.  Luminescence s i g n a l s ,  emphasizing the  c o l l i s i o n a l  component, 
a t  6328 A, 5308 A, and 4000 A.
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c o l l i  s i ona1l y - i  nduced 1umi nes c en ce .

A c a r e f u l  a n a l y s i s  o f  t h e s e  s ig n a l s  r e v e a l s  some no tab le  f a c t s .  

Although obvious ly  no t  c o r r e c t e d  f o r  the  wavelength response  o f  the
O

photo tube ,  i t  i s  t h e  5308 A s ig n a l  t h a t  has t h e  l a r g e s t  ampl i tude .  

Moreover, th e  r i s e  t ime o f  t h e  c o l l i s i o n a l  luminescence i s  lo n g e s t  f o r
O

t h i s  s i g n a l .  As a m a t t e r  o f  f a c t ,  t h e  6328 A ampli tude  i s  weaker by
O

a t  l e a s t  a f a c t o r  o f  4;  the  4000 A one by a f a c t o r  o f  27.

A s i m p l i s t i c  approach , based on e n e r g e t i c s  a lo n e ,  would p r e d i c t  

t h a t  th e  ampli tude  should d ecrease  with i n c r e a s in g  s ig n a l  frequency . 

This r e s u l t  would be expected i f  only  the  number o f  c o l l i s i o n s  

were im por tan t  in de te rmin ing  which v ib ro n ic  leve l  was reached.  This  

behav io r  would have implied  emiss ion  from one sou rce .  Thus, to  

ex p la in  t h e  r e s p o n s e  o f  t h e  c o l l i s i o n a l l y  induced f l u o r e s c e n c e ,  i t  i s  

again necessa ry  t o  a s s ig n  th e  emission to  more than one s p e c i e .  

C o n s i s t e n t  with the  s p i r i t  o f  th e  p r e s e n t  work,  we a ss ig n  th e
O

6328 A s ig n a l  as be ing  p a re n ta l  in  o r i g i n .  I t  i s  con s id e rab ly  weaker
O

than th e  5308 A emission  because t h i s  f l u o r e s c en c e  cannot only be 

c o l l i s i o n a l l y  quenched v ia  gain  o r  loss  o f  energy b u t ,  a l s o ,  by
O

d i s s o c i a t i o n .  The product  (5308 A) em iss ion ,  on th e  o t h e r  hand, i s  

probably  no t  as e f f i c i e n t l y  quenched (due to  im perfec t  resonances) by 

c o l l i s i o n s  w i th  Cr02Cl2 m olecu les .  Of co u rse ,  in  a d d i t i o n ,  the  

d i s s o c i a t i v e  channel i s  no t  open t o  th e  thermodynamically s t a b l e  Cr02 .
O

As to  t h e  4000 A s i g n a l ,  i t s  weak i n t e n s i t y  t o g e t h e r  with  i t s  e a r ly  

format ion  (F ig u re  20) would seem t o  i n d i c a t e  t h a t  i t  i s  due to  Cr02Cl 

fragments  which a re  formed by c o l l i s i o n s  o f  v i b r a t i o n a l l y  (o r  even 

e l e c t r o n i c a l l y )  ho t  Cr02Cl2 molecules  and perhaps even Cr02Cl r a d i c a l s  

t h a t  remained e x c i t e d  a f t e r  l a s e r  e x c i t a t i o n .  The l a t t e r  i s  a
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p o s s i b i l i t y  s i n c e ,  as a l r e a d y  mentioned,  the  r e a c t io n

Cr02Cl2* Cr02Cl* + C l ,

where the  a s t e r i s k  denotes  a v i b r a t i o n a l l y  o r  e l e c t r o n i c a l l y  ex c i t ed

s p e c i e ,  would be expected to  l e ave  the  polyatomic r a d i c a l  w ith  most of  

the  excess  energy .  A d d i t i o n a l l y ,  as has been desc r ibed  b e f o r e ,  th e

r a d i c a l  can i t s e l f  absorb l a s e r  photons .  Indeed, i f  i t  i s  accepted
O

t h a t  th e  4000 A s ig n a l  i s  due to  CrOgCl, then  the  pau c i ty  o f  the  

r e q u i r e d  e x c i t e d  p a re n t  o r  fragment molecules  t o g e t h e r  w i th  t h e i r  

i n s t a b i l i t y  can ex p la in  t h e  small amplitude and th e  r e l a t i v e l y  e a r l y  

o n se t  o f  th e  c o l l i s i o n a l  component.

I t  i s  well  unders tood by th e  p r e s e n t  a u th o r  t h a t  th e  foregoing 

remarks rega rd ing  the  c o l l i s i o n a l  component o f  th e  emission  a re  

pure ly  s p e c u l a t i v e .  N e v e r t h e l e s s ,  t h i s  unproven mechanism i s  a t t r a c t i v e  

s ince  i t  co in c id e s  with  the  proposed and e m p i r i c a l l y  v e r i f i e d  MPD 

pathway o f  Cr02Cl2 ; the  only  a d d i t io n  i s  t h a t  c o l l i s i o n a l  energy 

t r a n s f e r  now plays a r o l e  in the  formation  o f  e x c i t e d  s p e c i e s .  This 

i s  but one example o f  p o s s ib le  f u tu r e  re sea rch  avenues which the  

p re s en t  work has sugges ted .
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DISCUSSION

I n f r a r e d  mult i  photon pumping o f  Crt^Cl^ ,  as we have seen , has 

produced very i n s i g h t f u l  r e s u l t s .  Some o f  th e se  a re  c o n s i s t e n t  with 

th e  c u r r e n t  t h e o r e t i c a l  unders tand ing  o f  the  e x c i t a t i o n  and subsequent 

d i s s o c i a t i o n  o f  molecules  under the  in f lu en c e  o f  i n f r a r e d - l a s e r  

r a d i a t i o n .  Others have r e q u i r e d  a new conceptual framework, namely 1ER,
i

in  o rd e r  to  a s c e r t a i n  and unders tand t h e i r  o r i g i n .

The u p - th e - l a d d e r  a b so r p t io n  o f  photons in CrOgC^ appears to  be a

very e f f i c i e n t  process  as a t t e s t e d  by the  luminescence t h a t  was observed
-4a t  p re s su re s  as low as 10 t o r r .  Thus, abso rp t ion  o f  a t  l e a s t  16

i n f r a r e d  (c .  1000 cm”^ ) photons under c o l l i s i o n l e s s  c o n d i t io n s  was

r o u t i n e l y  induced in  t h i s  molecule  a t  en e rg ie s  as low as 0.10 J o u le s .

Because the  unfocused l a s e r  r a d i a t i o n  did  no t  y i e l d  CrO^Clg luminescence

nor d i s s o c i a t i o n ,  i t  i s  q u i t e  apparen t  t h a t  a power i n t e n s i t y  th re sh o ld
2

e x i s t s  fo r  multi  pi e -photon a b so r p t io n .  At a f luence  o f  0.080 J/cm , our
5 2200 nsec pu lse  has a peak power i n t e n s i t y  o f  4 .0  x 10 watts/cm .

Although t h i s  power i n t e n s i t y  is  not s u f f i c i e n t  to  cause emiss ion ,
2

s o f t - f o c u s i n g  t h i s  beam to  approximate ly  a 5 mm spo t  and , t h e re b y ,
2

i n c r e a s in g  the  power i n t e n s i t y  to  megawatts/cm e v i d e n t l y  i s .  This

f a c t  i s  c l e a r l y  an i n d i c a t i o n  t h a t  a t  low p re s su re s  and low powers,  the

d i s c r e t e  s t a t e s ,  the  lower s tep s  in the  l a d d e r ,  do p re sen t  a b a r r i e r  to

the  c limbing p ro c e ss .  Moreover,  a c c e s s i b l e  C02- l a s e r  r a d i a t i o n  o f  h igher

energy than the  fundamental Cr02Cl2 band a t  1000 cm”^ , namely 9.6 y

C02- l a s e r  t r a n s i t i o n s ,  d id  not induce luminescence even when focused to
2

power i n t e n s i t i e s  o f  g igawat ts /cm . This r e s u l t  i s  as expec ted ,  s ince  

anharmonic terms in th e  v i b r a t i o n a l  Hamiltonian would be expected to  

r e d s h i f t  th e  resonance  f requency o f  the  e x c i t ed  s t a t e s  o f  

th e  pumped mode(s) .  I t  i s ,  t h e r e f o r e ,  not s u r p r i s i n g
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t h a t  10.6 y R-branch t r a n s i t i o n s  o f  t h e  C02 l a s e r  a re  most e f f e c t i v e  

in  producing CrOgClg f lu o r e s c e n c e .  On th e  o th e r  hand, 10.6 y P-branch 

l a s e r  r a d i a t i o n  cannot induce mul t iphoton  a b so r p t io n  in  CrOgClg un less  

very l a r g e  i n t e n s i t i e s  ( s evera l  hundreds o f  megawatts/cm ) a re  used.

This r e s u l t  1s undoubtedly due to  the  f a c t  t h a t  the  c l o s e s t  resonance 

between P-branch r a d i a t i o n  from our  l a s e r  [P (10) -952.88 cm"1] and the  

fundamental frequency  o f  th e  Cr-0 symmetric s t r e t c h  a t  about 990 cm"1 

has an energy d e f e c t  o f  37 cm"1 . Very in t e n s e  l a s e r  f i e l d s  a re  

req u i red  to  overcome t h i s  mismatch e i t h e r  through power broadening 

and /o r  n o n - l i n e a r  a b so r p t io n .
2

The f a c t  t h a t  i n t e n s i t i e s  o f  8 .0  megawatts/cm a r e  s u f f i c i e n t  to  

induce a b so r p t io n  o f  a t  l e a s t  18 photons in  CrOgClg needs f u r t h e r  

d i s c u s s i o n .  I f  we no te  t h a t  8.00 x 106 watts /cm^ r e p r e s e n t s  a l a s e r  

f i e l d  (E0) o f  1.55 x 104 V/cm and we use equa t ion  (2) o f  the  t h e o r e t i c a l  

s e c t i o n

where u i s  th e  t r a n s i t i o n  moment and h i s  P l a n c k ' s  c o n s t a n t ,  we ob ta in  

a va lue  of  0.10 cm”1 f o r  v R , t h e  Rabi f requency.  Thus,  anharmonic 

compensation by power broadening  i s  no more than 0.1 cm"1 under the  

i n f l u e n c e  o f  t h i s  modest l a s e r  f i e l d .  I f  i t  i s  r e c a l l e d  from th e  

t h e o r e t i c a l  s e c t i o n  t h a t  th e  anharmonic s h i f t  i s  o f  the  o rd e r  o f  5-10 

cm*1 f o r  th e  second e x c i t e d  (v = 2) v i b r a t i o n a l  leve l  o f  th e  pumped 

t r a n s i t i o n ,  then i t  i s  obvious t h a t  t h e  Rabi f requency  i s  no t  s u f f i c i e n t  

t o  m a in ta in  resonance .  A l a s e r  f i e l d  a lmos t two o rd e r s  o f  magnitude 

l a r g e r  i s  r e q u i r e d  i f  t h i s  were th e  only  compensating mechanism a v a i l a b l e .  

Of c o u r s e ,  th e se  c a l c u l a t i o n s  a r e  approximate a t  b e s t ,  b u t  i t  i s
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inconce ivab le  t h a t  they a r e  in  e r r o r  by more than  one o rd e r  o f  

magnitude.

T h e r e f o r e ,  o th e r  f a c t o r s  must be c o n t r i b u t i n g  to  th e  h ighly  

e f f i c i e n t  a b so r p t io n  o f  l a s e r  photons in  t h i s  molecule.  We may look t o  

th e  "PQR" mechanism as a p o s s ib l e  compensatory v e h ic l e  f o r  th e  molecule 

t o  overcome the  d i s c r e t e  l e v e l  b o t t l e n e c k .  A c o n d i t io n  f o r  t h i s  

compensation t o  be e f f e c t i v e  i s  t h a t  (1 )

l^'Janh " 2BJr e s l  * VR ^

where vR i s  aga in  th e  Rabi f r equency ,  Avan^ i s  th e  anharmonic s h i f t ,

B i s  t h e  r o t a t i o n a l  c o n s t a n t ,  and J rgs  i s  the  r e sonan t  r o t a t i o n a l  quantum 

number. B a s i c a l l y ,  t h i s  i s  a mathematical  s ta t em en t  o f  the  cond i t ions  

under which anharmonic compensation can be r e a l i z e d  by a combination of  

power broadening and r o t a t i o n a l  compensation.  Of c o u r s e ,  t h i s  formula ­

t i o n  n e g le c t s  h ighe r  o rd e r  e f f e c t s ,  such as c e n t r i f u g a l  d i s l o c a t i o n  of  

th e  r o v i b r a t i o n a l  Hamiltonian and , t h e r e f o r e ,  a l s o  assumes t h a t  th e  

values  do no t  change a p p re c ia b ly  among th e  f i r s t  t h r e e  d i s c r e t e  

v i b r a t i o n a l  l e v e l s .  N e v e r th e le s s ,  i t  i s  a re a sonab le  e s t i m a te  o f  the  

compensatory e f f e c t .  Thus,  apply ing  equa t ion  (2) to  CrOgClg and using 

0 .10 cm-  ̂ f o r  the  broadening by th e  f i e l d ,  5.0  cm"^ f o r  Av and 

0.0620 cm“  ̂ f o r  B ( 2 ) ,  the  r o t a t i o n a l  constant. ,  we ge t  a value o f  J,  the  

r o t a t i o n a l  quantum number, o f  40. The use o f  the  B va lue  in  the  case  o f  

CrOgClg i s  j u s t i f i a b l e  i f  we assume th e  molecule t o  be a n e a r ly  p r o la te  

symmetric t o p .  According to  r e f e r e n c e  ( 2 ) ,  B = 0.0620 cm“ \  C = 0.0521 

cm“ \  and A = 0.1073 cm- ^. Since B ^  C t  A, t h e  assumption i s  v a l i d  f o r  

purposes  o f  t h i s  "o rde r  o f  magnitude" c a l c u l a t i o n .  I t  i s  ad v isab le  a t  

t h i s  p o in t  to  e s t i m a te  the  f r a c t i o n  o f  molecules  in t h e  J = 40 r o t a t i o n a l
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l e v e l .  To c a l c u l a t e  th e  energy o f  th e  J = 40 l e v e l ,  we use the
3

fo l lowing  sum r u l e  :

E j  = ^ ( A + B + C ) J ( J + 1 ) . ( 3 )

Equation (3) says t h a t  t h e  average  r o t a t i o n a l  energy o f  a l l  l e v e l s  o f  a 

p a r t i c u l a r  J s t a t e  i s  given by J ( J+ 1 )  t imes a r o t a t i o n a l  c o n s ta n t  which 

i s  th e  average  o f  A, B, and C. Use o f  t h i s  sum ru l e  f o r  Ej = 40 y i e l d s  

a va lue  o f  121.03 cnf^ above th e  r o t a t i o n a l  ground s t a t e ,  J  = 0.  Then, 

t o  o b ta in  the  f r a c t i o n  o f  molecules  a t  J  = 40 ,  f j - 40* we use

f  _ (2J+1) exp [ ( - J K. 1Kt1) /k T ]

r  [(ir/ABCKkT/h3);]’5

where a l l  the  terms have been d e f in e d .  I n s e r t i n g  the  a p p r o p r ia t e  va lues  

i n t o  e x p re s s io n  (4) r e s u l t s  in f j -^Q  a 1.65 x 10"^. Express ion (4) 

f o r  an asynit ietric r o t o r  y i e ld s  th e  f r a c t i o n a l  popu la t ion  in  th e  s t a t e  

J K-1K+1* ^■e *» ' 'n a P a r t i c u l a r  s t a t e  o f  t h e  J manifold  of l e v e l s  where 

K -j and K+ j r e f e r  t o  t h e  p r o l a t e  and o b l a t e  K va lues  r e s p e c t i v e l y .  How­

e v e r ,  our Ej_4q = 121 cnf^ was an average va lue  o f  t h e  energy range in 

th e  J  -  40 manifo ld .  I f  we assume t h a t  a l l  th e  l e v e l s  a re  degene ra te  

and o f  equal p r o b a b i l i t y  and, s in c e  t h e  m u l t i p l i c i t y  i s  20 + 1 , we a r r i v e  

a t  th e  f r a c t i o n a l  popu la t ion  in  the  J = 40 r o t a t i o n a l  manifold

f j _40 = (25+1)(1 .65  x IQ"4) = 1.34 x 10' 2

Thus,  accord ing  t o  t h e s e  approximate  c a l c u l a t i o n s ,  1.34% o f  th e  molecules  

r e s i d e  in  the  "proper"  J  s t a t e  f o r  r o t a t i o n a l  compensation to  t a k e  

p la ce  under  our  TEA-laser c o n d i t i o n s .  T h i s ,  u n f o r t u n a t e l y ,  i s  not the



end o f  t h e  s t o r y .  The photo tube  plus  f i l t e r  combination has a viewing 

window o f  1 inch o r  2 .54  cm p a r a l l e l  to  the  f lu o r e s c en c e  a x i s .  I f  we

e s t i m a te  t h a t  t h e  f lu o re sc en c e  beam has a c r o s s - s e c t i o n a l  a rea  o f  
2

5 .0  mm - - t h e  same as th e  measured l a s e r  spo t  a t  the  focal p o i n t — 

and t h a t  i t  i s  c o n s ta n t  th roughout the  viewing window ( r ea so n ab le  

approximations  f o r  a 10- in ch  l e n s ) ,  we g e t  an e f f e c t i v e  volume o f
3

i n t e r a c t i o n  between the  l a s e r  r a d i a t i o n  and the  CrO^Clg bath  o f  0 .13 cm 

assuming a c y l i n d r i c a l  shape .  These c a l c u l a t i o n s  lead  to  the  conclus ion

t h a t  th e  l a s e r  r a d i a t i o n  can i n t e r a c t ,  w i th in  the  p h o to tu b e ' s  window,
8 -4with 5.1 x 10 CrOgClg molecules  a t  a p re s su re  o f  1 .0  x 10 t o r r .  Of

t h e s e ,  on ly  1.34% o r  6.8 x 10^ molecules  a re  in  the  " a p p r o p r ia t e "  J = 40 

s t a t e .  All t h a t  i s  l e f t  a t  t h i s  p o in t  i s  the  v i r t u a l l y  im poss ib le  ta sk  

o f  c a l c u l a t i n g  th e  f r a c t i o n  o f  molecules  t h a t  absorb a t  l e a s t  th e  18 

i n f r a r e d  photons r e q u i r e d  to  emit  a v i s i b l e  quantum o f  l i g h t .  Quantum 

y i e l d  d e te rm in a t io n s  a re  d i f f i c u l t  to  perform a c c u r a t e l y ,  p a r t i c u l a r l y  

us ing focus ing  o p t i c s ,  and can a t  b e s t  y i e l d  an average number o f  photo.ns 

absorbed in  mul t iphoton  exper im en ts .  A d d i t i o n a l ly ,  a t  low p re s su re s  

(10“4 t o r r ) ,  they  a re  v i r t u a l l y  im poss ib le  to perform. To overcome t h i s  

d i f f i c u l t y  and because the  p re s e n t  d i s c u s s io n  dea ls  with a b so rp t io n  in 

the  d i s c r e t e  ( f i r s t  t h r e e ,  r e a l l y )  l e v e l s ,  we may use th e  e x t i n c t i o n  c o e f ­

f i c i e n t  (a) t h a t  was measured in the  p r e s e n t  work using no focuing  o p t i c s .

As such ,  a  r e f l e c t s  the  ab so rp t io n  o f  one o r  perhaps two or  t h r e e  photons per 

molecule .  I t s  use in  c a l c u l a t i o n s  which depend on o bse rvab le  emission 

and ,  t h e r e f o r e ,  quasicontinuum a b so rp t io n  can be r a t i o n a l i z e d  by no t ing  

t h a t  ex p e r im en ta l ly  de termined a b so r p t io n  c r o s s - s e c t i o n s  o f  molecules  

in  t h e  quaicontinuum do no t  seem to  change very much from th o se  o f  the  

d i s c r e t e  s t a t e s .  This  f a c t  can be e x p la in ed  by no t ing  t h a t  th e  e f f e c t
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of  a weakened m a t r ix  element f o r  quasi  continuum t r a n s i t i o n s  i s  

counterba lanced  by an in c reased  d e n s i t y  o f  l e v e l s  in th e  upper s t a t e  and 

by a v i r t u a l  "guaranteed  resonance"  a t  any f requency .  Another 

j u s t i f i c a t i o n  f o r  th e  use o f  th e  "low i n t e n s i t y  a"  i s  th e  p re sen t  

unders tand ing  t h a t  i f  a b o t t l e n e c k  e x i s t s ,  i t  i s  due t o  i n t e r a c t i o n s  in 

t h e  d i s c r e t e  s t a t e s  and not in  the  quasicontinuum. This implies  t h a t  

p r a c t i c a l l y  any molecule  t h a t  reaches  t h e  quasi  continuum in  t h e  presence 

o f  s u f f i c i e n t  l a s e r  energy d e n s i t y  ( f lu en c e ) ,  as in our exper im ents ,  w i l l  

absorb a s u f f i c i e n t  number o f  photons to  climb th e  l a d d e r ,  i . e . ,  t h e r e  

i s  a p r o b a b i l i t y  o f  u n i ty  f o r  t h i s  p ro c e s s .  Thus,  a i s  a f f e c t e d  by the  

t r a n s i t i o n s  in the  d i s c r e t e  l e v e l s  on ly .  I t  i s  worth no t ing  t h a t  the  

much reduced dependence o f  th e  luminescence s ig n a l  v s .  th e  e x c i t i n g  

COg-laser 10.6 y R-branch t r a n s i t i o n s  (F igu re  5) as compared with  the  

dependence o f  th e  p h o to aco u s t ic  s igna l  on th e  e x c i t i n g  frequency 

(F igure  2 ) lends credence to  the  l a t t e r  argument.

In view of  th e se  arguments,  i t  can now be s t a t e d  t h a t ,  using the  

R(30) 10.6 y l a s e r  l i n e  and i t s  measured a  o f  0 .0074, t h e r e  a re  

approximate ly  .0074 t imes 6.8 x 106 o r  5 .0  x 104 molecules t h a t  a re  

capable  o f  absorb ing  a s u f f i c i e n t  number o f  photons t o  e f f e c t  d e t e c t a b l e  

emiss ion .  Although a small f r a c t i o n  of t h e  t o t a l  m olecu lar  p o p u la t io n ,  

i t  i s  e n t i r e l y  reasonab le  to  assume t h a t  t h i s  number o f  molecules  i s  

s u f f i c i e n t  to y i e l d  measurable  luminescence.  F u r th e r  c a l c u l a t i o n s  t h a t  

would take  i n to  account the  emission  quantum y i e l d  and t h e  p h o to tu b e ' s  

quantum e f f i c i e n c y  cannot be performed with  any degree o f  conf idence .

Laser  induced mul tiphoton d i s s o c i a t i o n  o f  s e v e ra l  molecules 

(SFg, CFgCl.and o th e r s )  has been d e te c te d  in  m olecu la r  beams ( 5 , 6 ) ,  

however, a t  p re s su re s  t h r e e  o rde rs  o f  magnitude sm a l le r  than those  used
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in  the  p r e s e n t  work,  but  under s i m i l a r  l a s e r  c o n d i t i o n s .  A d d i t i o n a l ly ,  

Levy 's (2) f lu o re sc en c e  work on CrOgClg was done in a superson ic  beam. 

F i n a l l y ,  a few s t u d i e s  o f  mult iphoton  induced luminescence a t  very low 

pre s su re s  (10"^-10~^ t o r r )  have been r e p o r t e d  ( 7 , 8 ) .  Thus, we r e p e a t ,  

our  c a l c u l a t i o n s  do not r u l e  ou t  t h a t  a combination o f  power b roadenin '  

and r o t a t i o n a l  compensation i s  r e s p o n s ib le  fo r  th e  f i r s t  t h r e e  absorbed 

photons in the  MPE o f  CrC^Clg a t  low p re s su re s  and low f lu e n c es .

The preceed ing  d i s c u s s io n  i s  not merely an academic e x c e r c i s e .  As 

a l r e ad y  ment ioned, th e  low l a s e r  power i n t e n s i t y  th re s h o ld  o f  the  

CrOgC^ emiss ion  po in ted  t o  th e  need f o r  o th e r  compensatory mechanisms 

b es ides  power broadening .  The e f f i c i e n c y  o f  t h e  10.6 y R-branch l a s e r  

l i n e s ,  which a re  o f  lower energy than the  fundamental v ib r a t i o n a l  t r a n s i ­

t io n ,  in  inducing luminescence suppor ts  the  no t ion  t h a t  r o t a t i o n a l  

compensation plays  a r o l e  in  mul t iphoton  e x c i t a t i o n .  S i m i l a r l y ,  the  

i n c re a se d  s ig n a l  ob ta ined  in  the  presence  o f  r a r e  gases  and the  e x i s t e n c e  

o f  on ly  th e  f a s t ,  p u l s e - l i m i t e d  r i s e  t ime under th e se  c o n d i t io n s  can be 

exp la ined  by r o t a t i o n a l  hole  f i l l i n g  o f  t h e  n o n -equ i l ib r ium  molecular 

d i s t r i b u t i o n  caused by th e  l a s e r  p u l s e .  Thus,  i t  must be concluded t h a t  

the  anharmonic i ty  o f  t h e  f i r s t  few l e v e l s  can be overcome by r o t a t i o n a l  

compensation.

Our exper im en ts ,  however, a re  not in  complete accord with the  PQR 

mechanism. I f  i t  were o p e r a t iv e  as de sc r ibed  by i t s  p roponents ,  we 

would expec t  f o r  a g iven l a s e r  power d e n s i t y  a very sharp  dependence o f  

th e  m ul t ipho ton  a b so rp t io n  on l a s e r  l i n e s .  Only a t  very high i n t e n s i t i e s  

would th e  Rabi frequency  be s u f f i c i e n t  so as to  r e l a x  the  r igo rous  

dependence on r o t a t i o n a l  a n g u la r  momentum. We, t h e r e f o r e ,  conclude  as 

o th e r s  have t h a t ,  a l though r o t a t i o n a l  compensation does play a r o l e  in
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overcoming th e  anharmonic b o t t l e n e c k  o f  t h e  d i s c r e t e  s t a t e s ,  t h e  

a c t u a l  mechanism must inc lude  a c o n s id e ra b le  number o f  J  s t a t e s  and, 

t h e r e f o r e ,  i s  no t  n e c e s s a r i l y  l im i t e d  t o  a "PQR-type" p ro cess .

So f a r ,  our  d i s c u s s io n  has been l i m i t e d  t o  t h e  f i r s t  few s t e p s

o f  t h e  v i b r a t i o n a l  lad d e r -c l im b in g  p ro c e ss .  Indeed ,  t h e  PQR mechanism

can ex p la in  only  th e  f i r s t  t h r e e  molecu lar  t r a n s i t i o n s  in  the  presence

o f  a moderate l a s e r  f i e l d .  For l a r g e  po lya tom ics ,  such as S2Fio  (9) or

SFCNF_ (1 0 ) ,  whi ch a re  almost in the  v i b r a t i o n a l  quasicontinuum a t  room 
5 Z

t e m p e ra tu re ,  a b so r p t io n  o f  t h e  f i r s t  t h r e e  photons gua ran tee s  access  to  

th e  quasicontinuum and, t h e r e f o r e ,  t o  subsequent e x c i t a t i o n .  Sm al le r  

m o lecu les ,  such as CrOgCl^, and perhaps even SFg, need c o n s id e ra b le  

f u r t h e r  e x c i t a t i o n  in  o rd e r  to  reach v i b r a t i o n a l  l e v e l s  where inco h e ren t  

pumping c h a r a c t e r i z e s  the  a b so rp t io n  p ro c e ss .

At t h i s  p o i n t ,  th e  second energy r e g io n ,  t h e  quasicontinuum, must 

be co n s id e red .  U n fo r tu n a te ly ,  exper imenta l  s t u d i e s  o f  t h i s  reg ion  a re  

d i f f i c u l t  and , p a r t i c u l a r l y ,  em pir ica l  ass ignment o f  t h e  o nse t  o f  t h i s  

energy domain has not been e s t a b l i s h e d .  A d d i t i o n a l l y ,  i t  must be 

remembered t h a t  th e  exper imental  c o n d i t i o n s ,  such as p r e s s u r e ,  l a s e r  

energy ,  and p u ls e  w id th ,  t o  name a few, de termine  to  a c r i t i c a l  e x t e n t  

where t h e  quasicontinuum beg ins  f o r  a p a r t i c u l a r  molecule .  T h e o re t i c a l  

a n a l y s i s  o f  t h i s  reg ion  i s ,  moreover,  complicated  by in e x a c t  knowledge 

o f  t h e  r e q u i r e d  molecular  co n d i t io n s  t h a t  must be met to  achieve  

p o p u la t io n  o f  t h i s  energy domain. I t  should be ment ioned, however, 

t h a t  t h e s e  d i f f i c u l t i e s  a r e  no t  t h e  r e s u l t  o f  r e s e a r c h e r s '  i n e p t i t u d e  

b u t ,  r a t h e r ,  o f  the  p rocesses  t h a t  a r e  in v o lv e d ,  such as a b so rp t io n  and 

em iss ion  o f  r a d i a t i o n ,  i n t r a  and in t e r m o le c u l a r  energy t r a n s f e r ,  and 

t h e  concept  o f  e r g o d i c i t y  (energy randomizat ion)  which has occupied many 

g r e a t  s c i e n t i s t s  much b e fo re  l a s e r  chemistry  appeared on th e  s c i e n t i f i c
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scene.  I t  i s  im por tan t to  note  t h a t  i t  i s  no t  only  c r u c i a l  t o  a s c e r t a i n  

whether m olecu lar  b ehav io r  i s  s t a t i s t i c a l  b u t  a l s o  t h e  t ime requ i red  f o r  

th e  r e d i s t r i b u t i o n  o f  energy among th e  v i b r a t i o n a l  modes.

Despite  th e se  conce rns ,  i t  i s  u n i v e r s a l l y  accep ted  t h a t  i t  i s  the  

exponent ia l  in c r e a s e  in  th e  d e n s i t y  o f  s t a t e s  w i th  i n c r e a s in g  v i b r a t i o n a l  

energy t h a t  permits  th e  a b so r p t io n  o f  the  s e v e ra l  tens  o f  s i n g l e ­

frequency photons r e q u i r e d  f o r  MPD. This  b e l i e f  i s  b u t t r e s s e d  by very 

convincing ev idence ,  such as th e  2 - f requency  exper iments  o f  Ambartzumian, 

e t  a l  ( n )  desc r ibed  in the  t h e o r e t i c a l  s e c t i o n  and the  f a c t  t h a t  no d ia tom ic ,  

and very  few t r i a t o m i c ,  molecules  have been d i s s o c i a t e d  v ia  mult i  photon 

pumping. The l a t t e r  f a c t  i s  t h e  d i r e c t  r e s u l t  o f  t h e  small 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  f o r  small  molecules  even a t  f a i r l y  high l e v e l s  of  

v ib r a t i o n a l  h e a t in g ;  i . e . ,  th e  quasi  continuum does not begin  a t  

s u f f i c i e n t l y  low e n e r g ie s  and, t h e r e f o r e ,  t h e  resonance  c o n d i t io n  cannot 

be main ta ined  excep t  perhaps us ing  ex tremely  l a rg e  l a s e r  power i n t e n s i t i e s .

With the  preceeding  d i s c u s s io n  in  mind, we r e t u r n  to  th e  d i s c u s s io n  

o f  Cr02Cl2 . Assuming t h a t  we have accounted f o r  t h e  ab so rp t io n  o f  the  

f i r s t  t h r e e  photons by a combination of  power broadening and r o t a t i o n a l  

compensation o f  th e  anh a rm o n ic i ty , we now exp lo re  t h e  nex t  few up - th e -  

1 adder s t e p s .

Table I l i s t s  the  d e n s i t y  o f  s t a t e s ,  p(E) o f  Crf^Clg a t  d i f f e r e n t  

e n e r g i e s ,  determined using the  s e m i - c l a s s i c a l  c a l c u l a t i o n s  o f  Haarhoff (12) .  

Also inc luded in  t h e  t a b l e  a re  t h e  s i m i l a r l y  c a l c u l a t e d  va lues  f o r  SFg 

in the  range o f  i n t e r e s t .  I t  i s ,  a t  f i r s t ,  s t r i k i n g  t h a t  CrOgClg* with 

only 3N-6 o r  9 v i b r a t i o n a l  modes has a lmost as many s t a t e s / c m "1 as SFg , with 

15 modes, in th e  lower energy reg ion  d i sp layed  in  t h e  T ab le .  This  

r e l a t i v e l y  l a rg e  d e n s i t y  o f  s t a t e s ,  due to  t h e  c o n s id e r a b l e  number of 

low frequency  fundamentals in Crt^Clg ( see  Table  I o f  R esu l t s )  as



TABLE I

ViD. Energy in  (cm- 1 ) p(E)CrQ2C l2( 0 (e )5F6 (— -

3000 7.6 X 101 7.8 X 101

4000 3.2 X 102 4 .3 X 102

5000 1.1 X 103 2.0 X 103

6000 3.1 X 103

o
*

CO X 103

7000 7.9 X 103 2.8  x 104

8000 1.8 X 104 8.8 X 104

9000 3.9 X 104 2.6 X 105

10000 7.8 X 104 6 .9 X 105



compared w i th  SFg, undoubtedly plays  a major r o l e  in  p e rm i t t i n g  MPA o f  

CrOgClg under  the  very mild  c o n d i t io n s  we have been d i s c u s s in g .  Of 

c o u r s e ,  a t  h ig h e r  l e v e l s  o f  e x c i t a t i o n ,  t h e  d i s p a r i t y  between CrOgClg 

and SFg in c r e a s e s  s in c e  the  number o f  v i b r a t i o n a l  degrees o f  freedom 

becomes th e  dominat ing f a c t o r .

I t  i s  widely  accep ted  t h a t ,  f o r  SFg, th e  quasicontinuum begins 

between 4000 and 6000 c m " \  i . e . ,  between th e  fo u r th  and s i x t h  abso rp t ion  

o f  a COg-laser photon. S t r i c t l y  speak ing ,  what i s  r e a l l y  meant i s  t h a t  

in  t h i s  domain inco h e ren t  ab so rp t io n ,  Fermi 's  Golden Rule and, t h e r e f o r e ,  

a r a t e - e q u a t i o n  t r e a tm e n t  o f  the  a b so r p t io n  process  ( s e e  T h eo re t ic a l  

S e c t io n )  may be a p p l i e d .  The o nse t  o f  reg ion  I I  may be de f ined  by the  

c o n d i t io n :

- r f c r ” 1 (5 )

where | p |  i s  the  r a d i a t i v e  coupling  term (Rabi frequency  fo r  the  t r a n -  

s i t i o n  ) ,  T(w) i s  the  width i n to  which the  o s c i l l a t o r  s t r e n g t h  i s  

smeared,  and p i s  as be fo re  the  v i b r a t i o n a l  leve l  d e n s i t y .  By r e a r r a n g ­

ing (5) to read

^ » p - i  ( S ' )

we may i n t e r p r e t  t h i s  i n e q u a l i t y  as  demanding t h a t  t h e  d i l u t e d  (presum­

ab ly  by in t r a m o le c u la r  v i b r a t i o n a l  r e l a x a t i o n )  Rabi frequency be 

c o n s id e ra b ly  l a r g e r  than  th e  leve l  spac ings  in t h e  quasicontinuum. This 

r e q u i rem en t ,  t h e r e f o r e ,  in s u re s  resonance between th e  l a s e r  photons and 

t h e  v i b r a t i o n a l  l e v e l s  and, a t  the  same t im e ,  s u f f i c i e n t  o s c i l l a t o r  

s t r e n g t h  f o r  the  t r a n s i t i o n  to occu r .  T y p i c a l l y ,  f o r  SFg MPD exper im en ts ,
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y o r  Vp ( i n  cnf^)  i s  1-10 cm"^. can be expected to  be between 10-100

cnf^ based on i n d i r e c t  exper imental  evidence  such as th e  broadened

a b so r p t io n  ( c o in c id e n t  w i th  t h e  CO2 l a s e r )  in  h igh ly  e x c i t e d  SFg (13)

and an approximate  measurement o f  t h e  i n t r a m o le c u la r  r e l a x a t i o n  t ime o f

SFg in  t h e  quasicontinuum (14) .  Use o f  th e se  values  in  i n e q u a l i t y  (5) shows

t h a t  the  quasicontinuum co n d i t io n  i s  s a t i s f i e d  with a r e l a t i v e l y  modest,
3 -1p 2 10 /cm , d e n s i ty  o f  s t a t e s .  Thus, SFg v i b r a t i o n a l l y  e x c i t e d  to

5000 cm“  ̂ i s  in  t h e  quasicontinuuni (Table  I ) .  Returning to  Cr02Cl2 and

using  the  c a l c u l a t e d  v R = 0.1 cnf^ and us ing  th e  I ' M  ^  10-100 cm” \  we
4 -1can e s t i m a te  t h a t  p ^  10 cm , which would r e q u i r e  e x c i t a t i o n  to  a t  

l e a s t  7000 o r  8000 cm" ̂ . The va lue  o f  f o r  Cr02Cl2 i s  somewhat 

a r b i t r a r y .  However, s i n c e  th e  d e n s i t y  o f  s t a t e s  o f  CrOgClg i s  s i m i l a r  

t o  t h a t  o f  SFg in  the  r e l e v a n t  energy reg ion  and because o f  t h e  l e s s e r  

symmetry o f  th e  former and, t h e r f o r e ,  a reduced mixing o f  th e  v i b r a t i o n a l  

l e v e l s  ( a t  l e a s t  in  th e  lower e x c i t e d  s t a t e s ) ,  i s  probably  somewhat 

sm a l le r  in  Cr02Cl2 than in  SFg. We can,  t h u s ,  c a u t i o u s ly  assume t h a t ,  

a t  7000 cnf^ ( o r  perhaps even a t  6000 cm"^) o r  a f t e r  abso rp t io n  of  about 

7 C02 - l a s e r  pho tons ,  Cr02Cl2 i s  in  th e  quasicontinuum.

The obvious region t h a t  remains unexplored i s  t h a t  between the  

f i r s t  t h r e e  d i s c r e t e  l e v e l s  and the  quasi  continuum. P a r e n t h e t i c a l l y ,  

t h i s  i s  perhaps the  most d i f f i c u l t  r eg ion  to  ana lyze  t h e o r e t i c a l l y ,  s ince  

t h e r e  i s  probably a mix ture  o f  d i s c r e t e  and quasicontinuum c h a r a c t e r  to  

t h e s e  l e v e l s .  Fur thermore ,  acce ss  t o  t h e  quasicontinuum i s  probably  a 

gradual p r o c e s s ,  o r  a q u e s t io n  o f  d e g re e ,  r a t h e r  than a sharp  and 

d i s t i n c t  e v en t .  Bes ides  power broadening  and r o t a t i o n a l  compensation 

e f f e c t s ,  t h e r e  a re  two c h a r a c t e r i s t i c s  o f  Cr02Cl2 t h a t  probably 

f a c i l i t a t e  acce ss  from th e  d i s c r e t e  s t a t e s ,  through th e  "mixed" reg ion  

in to  th e  quasicontinuum. The a r i t h m e t i c  r e l a t i o n s h i p  among the



9 4 .

fundamental  f r eq u en c ies  and ove r tones  i s  such t h a t  many near  degenerac ies  

can occur  w i th  t h e  laser-pumped modes even when th e  d e n s i t y  o f  s t a t e s  i s  

r e l a t i v e l y  low. Thus,  as can be seen in  Table  I o f  t h e  R esu l t s  S e c t io n ,  

the  Vq v i b r a t i o n a l  fundamental has a f requency o f  499 cm"1 o r  j u s t  about 

o n e - h a l f  t h a t  req u i red  f o r  t h e  resonance  c o n d i t io n  with  the  l a s e r  

photons .  Thus,  Av = 2 t r a n s i t i o n s  in  t h e  vg v i b r a t i o n a l  m an ifo ld ,  

a l b e i t  weaker,  would provide  an a l t e r n a t e  l a d d e r  f o r  t h e  mul tiphoton 

a b so rp t io n  process  to  occur .  A s i m i l a r  s ta t em e n t  a p p l i e s  t o  t h e  + vg 

combinat ion band which has been observed  by Hobbs (15) in  the  gas phase 

a t  1980 cm"1 . Because o f  i t s  e x i s t e n c e ,  th e  resonance c o n d i t io n  i s  

r e laxed  f o r  the  f i r s t  few even-numbered t r a n s i t i o n s .  S ince  i t  can be 

expected  t h a t  t h e  anharmonic s h i f t s  o f  t h e s e  l e v e l s ,  v g o r  + v g , 

w i l l  d i f f e r  from those  o f  th e  v.| and pumped modes, access  to  the  

quasi  continuum i s  f a c i l i t a t e d  by th e se  a c c id e n ta l  n e a r -d e g e n e ra c ie s .

The second s p e c t ro s c o p ic  c h a r a c t e r i s t i c ,  which i s  d i r e c t l y  r e l a t e d  

to  th e  f i r s t ,  i s  the  p o s s i b i l i t y  o f  Fermi resonance  between v i b r a t i o n a l  

l e v e l s .  B r i e f l y ,  t h i s  p e r t u r b a t i o n  a r i s e s  between l e v e l s  t h a t  a re  

n e a r ly  degene ra te  in  th e  harmonic o s c i l l a t o r  approximat ion .  The ir  

prox im ity  leads  to  leve l  mixing t h e o r e t i c a l l y  t r e a t a b l e  by p e r tu r b a t io n  

theory  as a 2 x 2 m a t r ix .  The r e s u l t  i s  an i n c re a s e  in  energy in th e  

h ighe r  f requency leve l  and a d ec rea se  in t h e  lower  frequency  one .  

A d d i t i o n a l l y ,  t h i s  p e r t u r b a t i o n  can a f f e c t  t h e  i n t e n s i t i e s  o f  the  t r a n s i ­

t i o n s .  Thus,  f o r  example,  t h e  Av = 2 over tone  -v g t r a n s i t i o n s  can 

become s t r o n g e r  o r  l e s s  fo rb idden ,by  borrowing o s c i l l a t o r  s t r e n g t h  from 

th e  Vj fundamenta l .  For Fermi resonance t o  occur  between two v i b r a t i o n a l  

l e v e l s ,  they must be o f  th e  same symmetry. This  r equ i rem en t ,  as 

evidenced by th e  example j u s t  mentioned where both v.j and v g belong to  

the  t o t a l l y  symmetric a-j r e p r e s e n t a t i o n ,  i s  e a s i l y  met in  CrOgClg.
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Other p o s s i b i l i t i e s  f o r  Fermi resonance in c lude  th e  i n t e r a c t i o n  

between th e  even over tones  o f  t h e  vg (b^ symmetry) mode, which belong 

to  the  a^ r e p r e s e n t a t i o n  and t h e  a lmos t  degene ra te  even over tones  o f  

t h e  Vg(a^) fundamental  a t  496 cm"^ and a l s o  t h a t  between the  even 

over tones  o f  t h e  pumped v-j and modes. I t  should be mentioned t h a t  

t h e  anharmonic s p l i t t i n g  o f  th e  t r i p l y  degenera te  pumped-mode in 

SFg has been s i m i l a r l y  invoked to explain the f i r s t  few up-the-ladder 

s t e p s  in SFg (16) .

I t  can be concluded ,  t h e r e f o r e ,  t h a t  the  expe r im en ta l ly  observed 

mul t ipho ton  e x c i t a t i o n  o f  CrOgClg under c o l l i s i o n l e s s  c o n d i t io n s  and 

us ing very low l a s e r  powers can be unders tood ,  a t  l e a s t  q u a l i t a t i v e l y ,  

w i th in  t h e  t h e o r e t i c a l l y  accep ted  model o f  MPE. To summarize,  i t  i s  the  

combination o f  s t ro n g  i n f r a r e d  a b so r p t io n  t o g e t h e r  w i th  the  Rabi 

f requency broadening and r o t a t i o n a l  compensation o f  anharmonic s h i f t s  

t h a t  m a in ta ins  th e  resonance c o n d i t io n  through th e  f i r s t  few l e v e l s .  

A d d i t i o n a l l y ,  the  s p e c t r o s c o p ic  c h a r a c t e r i s t i c s  o f  CrOgClg may provide  

a d d i t i o n a l  pa ths  a n d /o r  compensation o f  th e  anharmonic s h i f t s  (Fermi 

Resonance) t h a t  f a c i l i t a t e  th e  up-pumping p ro cess .  Once the  q u a s i ­

continuum i s  re ached ,  i . e . ,  a f t e r  a b so rp t io n  o f  s i x  o r  seven l a s e r  

photons by CrOgClg. t h e  high leve l  d e n s i t y  in s u re s  t h e  maintenance of 

resonance  between th e  molecule  and th e  l a s e r  f i e l d .  The v ib r a t i o n a l  

h e a t in g  then co n t in u es  u n t i l  th e  d i s s o c i a t i v e  continuum i s  reached and 

un im olecu la r  d i s s o c i a t i o n  o ccu r s .

As a l r e a d y  mentioned, th e  r e s u l t i n g  d i s s o c i a t i o n  o f  CrOgC^ under 

h ig h - o r d e r  i n f r a r e d  mult iphoton  e x c i t a t i o n  i s  no t  unique .  N e i the r  i s  

th e  o b s e r v a t io n  t h a t  i t  i s  t h e  weakest  bond—the  Cr-Cl bond (68 kcal /mole  

o r  83 kca l /mole  ) —t h a t  i s  severed  though th e  e x c i t i n g  r a d i a t i o n  

co in c id e s  with  the  f r eq u e n c ie s  o f  t h e  Cr-0 v i b r a t i o n s .  These r e s u l t s



96 .

a re  c o n s i s t e n t  w i th  energy randomizat ion in  th e  quasi  continuum and, 

t h e r e f o r e ,  s t a t i s t i c a l  thermodynamic c o n t ro l  o f  t h e  r e a c t i o n  p ro d u c ts .  

This b ehav io r  has been g e n e r a l l y  observed in  v i r t u a l l y  a l l  MPD e x p e r i ­

ments t o  d a t e .  Moreover, RRKM c a l c u l a t i o n s  o f  such exper iments  performed 

under molecular beam co n d i t io n s  (5 ,6 )  have r e s u l t e d  in  reasonab le  

agreement between th eo ry  and exper iment ,  aga in  implying a s t a t i s t i c a l  

unimolecular  pa th  o f  th e  d i s s o c i a t i o n .  The o b s e r v a t io n  o f  e l e c t r o n i c  

emission induced by mult iphoton  e x c i t a t i o n ,  however, i s  no t  addressed  

by the  fo rego ing  a n a l y s i s .  S t a t i s t i c a l  t h e o r i e s ,  such as RRKM, p r e d i c t  

d i s s o c i a t i o n  from th e  ground s t a t e  p o t e n t i a l  energy s u r f a c e  and 

t y p i c a l l y  concomitant fo rmation  o f  ground s t a t e  p ro d u c ts .  Thus,  t h e  

v i s i b l e  luminescence ob ta ined  under c o l l i  s o n - f r e e  c o n d i t io n s  in the  

p r e s e n t  work and p a r t i c u l a r l y  t h a t  o r i g i n a t i n g  from the  p a r e n t ,

C r t ^ C ^ t  molecule  needs f u r t h e r  c l a r i f i c a t i o n .

As a r e s u l t  o f  the  p re s en t  work, i t  i s  a p p r o p r i a t e  t o  d iv id e  the  

MPE of  CrOgClg i n t o  two re g io n s .  One i s  t h e  low f luence  and low 

p re s su re  regime where ab so rp t io n  o f  approximate ly  18 C02- l a s e r  photons 

produces predominantly  e l e c t r o n i c a l l y  e x c i t e d  p a re n t  molecu les .  In 

th e  second region ,w hich  i s  reached under more seve re  f lu en ce  and /o r  

p re s su re  c o n d i t i o n s ,  f u r t h e r  e x c i t a t i o n  o f  CrOgClg molecules  takes  

p lace  r e s u l t i n g  in  d i s s o c i a t i o n .  The o r i g i n  o f  th e  c o l l i s i o n l e s s l y  

induced e l e c t r o n i c  emiss ion i s ,  we b e l i e v e ,  f i r m ly  e s t a b l i s h e d  as 

emanating from p a ren t  molecu les .  B r i e f l y ,  a t  low f lu en ce  and low 

p re s su re s  ( 10~^ t o r r ) , th e  f lu o re sc en c e  spectrum i s  th e  same as t h a t  

ob ta ined  by convent ional  s p e c t ro s c o p ic  (one photon) s t u d i e s  o f  CrOgClg. 

S i m i l a r l y ,  the  p r e s s u r e  and f l u e n c e  b ehav io r  o f  t h i s  s i g n a l ,  monitored
O

a t  6300 A, i s  c o n s i s t e n t  w ith  p a re n t  emiss ion .  Moreover, t h e  S te rn -



9 7 .

Volmer d a t a ,  y i e l d s  a c o l l i s i o n a l  quenching r a t e  which i s  th e  same as 

t h a t  ob ta ined  under s in g le -p h o to n  e l e c t r o n i c  e x c i t a t i o n .  That the  V-E

r e l a x a t i o n  process  i s  in t r a m o le c u la r  i s  a l s o  f i rm ly  e s t a b l i s h e d .  At a
- 4  -1pre s su re  o f  10 t o r r ,  which means approximate ly  10 c o l l i s i o n s / v s e c ,  the

r i s e  t ime o f  th e  f lu o re sc en c e  s igna l  c l e a r l y  follows t h a t  o f  the  l a s e r

pu lse .  Using a N^-f ree  l a s e r  m ix tu re ,  our p u ls e  i s  200 nsec F.W.H.M.

E v id en t ly ,  t h e  process  i s  c o l l i s i o n l e s s  and ,  t h e r e f o r e ,  r e s u l t s  from

the  ra d ia t io n -m o le c u le  i n t e r a c t i o n  and from subsequent in t r am o le c u la r

r e l a x a t i o n  p rocesses  in  the  absence o f  p e r tu rb in g  c o l l i s i o n s .  As a

m a t t e r  o f  f a c t ,  when a c o l l i s i o n a l  component i s  p r e s e n t ,  i t  can e a s i l y

be exp e r im en ta l ly  d i s t i n g u i s h e d  from th e  c o l l i s i o n - f r e e  f lu o re sc en c e .

O r i g i n a l l y  we i n t e r p r e t e d  th e  V-E energy t r a n s f e r  in  Cr02Cl2 as 

a r i s i n g  v i a  c ro s s  over from t h e  high v i b r a t i o n a l  l e v e l s  o f  the  Cr02Cl2 

ground s t a t e  t o  the  low v i b r a t i o n a l  l e v e l s  o f  the  7a* e l e c t r o n i c a l l y  

e x c i t e d  s t a t e .  However, we were convinced,  somewhat a g a i n s t  our w i l l ,  

by a p e r s i s t e n t  r e f e r e e  t h a t  d e n s i t y  o f  s t a t e s  c o n s id e r a t i o n s  m i t ig a te d  

th e  appeal of t h i s  e x p la n a t io n .  Thus, th e  d e n s i ty  o f  ground s t a t e  

v i b r a t i o n a l  l e v e l s  i s  3 x 10^/cm”  ̂ a t  the  o r i g i n  o f  the  f i r s t  e x c i t e d  

s t a t e .  With t h i s  overwhelming s t a t i s t i c a l  weight a g a i n s t  what may be 

c a l l e d  " re v e r se  i n t e r n a l  co n v e r s io n ,"  we t em p o ra r i ly  abandoned t h i s  

hypo thes i s  in  f a v o r  o f  d i r e c t  i n f r a r e d  t r a n s i t i o n s  to  the  e l e c t r o n i c a l l y  

e x c i t e d  s t a t e .  The l a t t e r  e x p la n a t io n  was a p p a r e n t ly  more p a l a t a b l e ,  

a l though i t  i s  a l so  not favored  by th e  r a t i o  o f  d e n s i t y  o f  s t a t e s ,  

because presumably t h e  s t ro n g  l a s e r  f i e l d  would p rovide  th e  d r iv in g  f o r c e .  

Thus t h e  rev iew er  was s a t i s f i e d  o r ,  p e rh ap s ,  appeased ,  th e  paper was 

p u b l i sh ed ,  and in i t  our change o f  h e a r t  was duly no ted .

During t h i s  t ime ,  we were beg inn ing  to  o b t a in  r e s u l t s  on the  

l i f e t i m e  o f  t h e  f lu o r e s c en c e  s i g n a l .  I t  was obvious t h a t  t h e  mono-
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molecular  l i f e t i m e  was c o n s id e rab ly  longer  than t h a t  ob ta ined  by 

McDonald w i th  s in g le -p h o to n  e x c i t a t i o n .  A d d i t i o n a l l y ,  t h e  very la rg e  

f luo rescence-quench ing  c o l l i s i o n  c r o s s - s e c t i o n ,  t h e  low l a s e r  energy 

r e q u i r e d  to  induce em iss ion ,  and the  l i n e a r  dependence o f  the  

luminescence on f l u e n c e ,  among o t h e r s ,  supported  the  no t ion  o f  popula t ion  

o f  very high ground s t a t e  v i b r a t i o n a l  l e v e l s  to g e th e r  w i th  c ro s so v e r  

to  low ly ing  v ib ro n ic  l e v e l s  o f  th e  e x c i t e d  s t a t e .  This  p rocess  can 

be a l s o  rep re sen ted  in terms o f  mixed (ground and e l e c t r o n i c  v ib ron ic  

l e v e l s )  s t a t e s  as  has been proved usefu l  in  the  th eory  o f  r a d i a t i o n l e s s  

t r a n s i t i o n s .  This  l a t t e r  fo rm ula t ion  o b v ia te s  th e  need o f  d i f f e r e n t i a t i n g  

between i n t r a  and i n t e r s t a t e  t r a n s i t i o n s  and, a d d i t i o n a l l y ,  i s  a t r u e r  

r e p r e s e n t a t i o n  o f  th e  e i g e n s t a t e s  o f  t h e  molecular  Hamil tonian.

Concurrent ly  with t h e se  developments,  P ro fe s s o r  Joshua J o r t n e r  

v i s i t e d  our  l a b o ra to ry  and h i s  i n t e r e s t  in th e  o r i g i n  o f  the  f lu o re sc en c e  

led him and Nitzan to  pub l ish  (1 7 ,1 8 ) ,  w i th in  a s h o r t  t im e ,  a t h e o r e t i c a l  

t re a tm en t  o f  the  V-E energy t r a n s f e r  induced by multiphoton pumping.

Thus, th e  th eory  o f  in v e r se  e l e c t r o n i c  r e l a x a t i o n  (IER) was born .

Under t h e  Born-Oppenheimer approx im at ion ,  the  ground and e x c i t e d  

e l e c t r o n i c  s t a t e s  of  a polyatomic molecule ,  such as CrOgClg, may be 

re p re se n te d  by {16a>} and {1S&>}, r e s p e c t i v e l y ,  with  v i b r a t i o n a l  level  

d e n s i t i e s ,  and ps , corresponding  to  th e se  e l e c t r o n i c  s t a t e s .  The 

i n d i c e s ,  a  and &, d e sc r ib e  t h e  l e v e l s  w i th in  the  v i b r a t i o n a l  manifold  

of  each e l e c t r o n i c  s t a t e .  J o r t n e r ' s  theory  o f  IER, which w i l l  be 

b r i e f l y  o u t l i n e d ,  al lows f o r  mul t iphoton  e x c i t a t i o n  w i th in  the  ground 

v i b r a t i o n a l  manifold  r e s u l t i n g  in  e x c i t a t i o n  o f  mixed o r  scrambled 

molecu lar  e i g e n s t a t e s  o f  th e  form ({1 Gkx> + {1SB>) ) .  These mixed s t a t e s ,  

des igna ted  a s { l j > ) ,  c o n s i s t  o f  q u as id eg en e ra te  ground and e x c i t e d  

v ib ro n ic  l e v e l s  coupled v ia  n o n ad iab a t ic  p e r t u r b a t i o n s ,  V g ^ . ,  such as
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n u c lea r  k i n e t i c  energy o r ,  in the  case  o f  d i f f e r e n t  sp in  m u l t i p l i c i t i e s ,  

s p i n - o r b i t  i n t e r a c t i o n s .  The molecu lar  e i g e n s t a t e s ,  thus  formed, have 

r a d i a t i v e  widths due to  the  (|SB>1 c h a r a c t e r .  As a m a t te r  o f  f a c t ,  as 

emphasized by J o r t n e r ,  i t  i s  the  coupl ing  to  a r a d i a t i v e  continuum to  

low-ly ing  ground s t a t e  v ib ro n ic  l e v e l s  t h a t  renders  the  IER process 

p r a c t i c a l l y  i r r e v e r s i b l e .

In a polyatomic molecule ,  we can d i s t i n g u i s h  between two energy 

re g io n s ,  A and B. The former i s  c h a r a c t e r i z e d  by groups o f  {lj>} s t a t e s ,  

each composed of  a s i n g l e  |S2> l e v e l .  The m olecu la r  e i g e n s t a t e s  a re  

s ep a ra te d  by pure uncontaminated |Ga> s t a t e s .  This  lower energy regime 

a l s o  inc ludes  th e  pure ground s t a t e  v i b r a t i o n a l  manifold  below |So>, th e  

e x c i t e d  s t a t e ' s  o r i g i n .

Range A i s  c h a r a c t e r i z e d  by th e  cond i t io n

where ps i s  th e  average e x c i t e d - s t a t e  v ib ro n ic  level  d e n s i t y  and 

ASc q i s  th e  dephas ing width or  the  r a d i a t i o n l e s s  decay r a t e  o f  each

p£ i s  th e  mean d e n s i t y  o f  ground v i b r a t i o n a l  l e v e l s  in  t h e  energy region 

o f  |Sp>. Thus, above th e  e x c i t e d  s t a t e  e l e c t r o n i c  o r i g i n ,  range A 

c o n s i s t s  o f  a s e t  o f  t < j | )  s t a t e s ,  o r i g i n a t i n g  from leve l  mixing between 

{ |Ga>} and {|Sg>}, whose width i s  Ga, and whose members a r e  sep a ra ted

(5)

|Sb> s t a t e ,  and i t  i s  given by

^SBG = 2TrVSBGapG ( 6 )

2
where Vco r  i s  th e  average  g round-exc i ted  s t a t e  i n t e r a c t i o n  energy and

J P , U C (



by uncontaminated "b lack  h o l e s , "  as J o r t n e r  d e s c r ib e s  them, o f  pure  

|Ga> s t a t e s .  Obviously,  t h i s  d e s c r i p t i o n  corresponds  to  energy reg ions  

where t h e  e x c i t e d  s t a t e  v ib ro n ic  leve l  d e n s i t y  i s  r e l a t i v e l y  s p a r s e .  

The t o t a l  width  o f  each | j>  s t a t e ,  YiU-j)* i s  approx imate ly  given
J  J

and NflUsgK which i s  th e  number o f  ground s t a t e  v ib r o n i c  l e v e l s  t h a t  

i n t e r a c t  w ith  | j > ,  i s :

In ( 7 ) ,  i s  th e  t o t a l  width o f  t h e  {|Ga>} l e v e l s .  I t  a r i s e s  from 

spontaneous i n f r a r e d  emiss ion o r  from c o l l i s i o n a l  d e a c t i v a t i o n .  Under 

c o l l i s o n l e s s  c o n d i t io n s  of  MPE and s i n c e  i n f r a r e d  r a d i a t i v e  decay t imes 

a re  of  th e  o rd e r  of  mseconds, Yga i s  v a n ish in g ly  small and can thus  be 

n eg lec ted  in  ex p re ss io n  ( 7 ) .  e(Ej -  E ^ ) i s  a s t e p  f u n c t io n  t h a t  

s a t i s f i e s :

by

(7)

NA = pG<ES e)ASB,G ( 8 )

e(x)
0 o the rw ise

(9)

F i n a l l y ,  then th e  e x p re s s io n  f o r  t h e  width  o f  each | j>  s t a t e  in  range
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Before con t inu ing  with a d e s c r i p t i o n  o f  range B, i t  should  be noted 

t h a t  which may be equated w i th  th e  IER r a t e  in  r eg ion  A, i s  

b a s i c a l l y  given by th e  r a d i a t i v e  r a t e  o f  t h e  e x c i t e d - s t a t e  v ib ro n ic  

leve l  d i l u t e d  by a f a c t o r  o f  » which i s  th e  number o f  ground

s t a t e  l e v e l s  coupled to  |S6>. Thus,  th e  IER r a t e ,  which i s  de r ived  in 

terms o f  t h e  molecular  e i g e n s t a t e s  { I j 5*}, can presumably be ob ta ined  

from m easurab le ,  ys » and c a l c u l a b l e ,  Nft , q u a n t i t i e s  d e sc r ib e d  in the  

Born-Oppenheimer b a s i s  s e t s ,  { jGot>} and { |SB>>.

The h ig h e r  energy r e g io n ,  B, i s  c h a r a c t e r i z e d  by a modera te ly  high 

d e n s i t y  o f  |S&> s t a t e s ,  so t h a t

pSAS e ,G -  1

ho lds .  Because o f  l e v e l  c o n g es t io n ,  th e  b lack  ho les  a r e  a b sen t  and 

in s t e a d  two coupled q u a s ic o n t in u a  e x i s t .  The d i l u t i o n  f a c t o r  i s ,  t h u s ,  

given by

N B ( E j )  = C f c ( E . j ) / P s ( Ej > »  <1 2 )

t h e  r a t i o  o f  the  s t a t e  d e n s i t i e s .  The t o t a l  decay width i s  aga in  given 

by an exp re ss ion  s i m i l a r  to  (7)

Yj  = YGa(Ej } + n!  (13)

b u t ,  o f  co u rse ,  w i th o u t  th e  s t e p  fu n c t io n  s i n c e ,  i n  B, t h e  width o f  each 

|SB> s t a t e  exceeds the  leve l  sp ac in g ,  p<J Again n e g l e c t in g  ‘Yga as 

s m a l l ,  we a r r i v e  a t  th e  d e s i r e d  ex p re ss io n  f o r  y .j in  range B
J



Thus,  t h e  IER r a t e  in  t h i s  region i s  again c h a r a c t e r i z e d  by the  

r a d i a t i v e  decay r a t e  d iv ided  by th e  d i l u t i o n  f a c t o r ,  N_, which i s  theo
r a t i o  o f  ground to  e x c i t e d  s t a t e  l e v e l  d e n s i t y .  A l t e r n a t i v e l y  and 

c o n s i s t e n t  w ith  th e  r ig h t -m o s t  express ion  in  (1 4 ) ,  th e  IER r a t e ,  which 

we w i l l  denote  by in  range B i s  given by th e  r a d i a t i v e  decay r a t e

of  the( |SP>} manifold  m u l t i p l i e d  by th e  r a t i o  o f  level  d e n s i t i e s  of  

e m i t t in g  (p^) to  non-em i t t ing  (pg) o r  ground s t a t e .

We have,  t h e r e f o r e ,  a r r i v e d  a t  the  ex p re ss io n s  (10) and (14) t h a t  

d e s c r ib e  th e  in v e rse  e l e c t r o n i c  r e l a x a t i o n  p rocess  in  medium-sized 

polyatomic m olecu les .  As i s  o f t e n  th e  c a s e ,  we have f a c i l i t a t e d  the  

t r e a tm e n t  and th e  unders tand ing  o f  th e  IER p rocess  by d i v i d i n g ,  somewhat 

a r b i t r a r i l y ,  the  energy manifold  i n t o  two reg ions  t h a t  a r e  c h a r a c t e r i z e d  

by low and high d e n s i t y  o f  s t a t e s  in  th e  e x c i t e d  e l e c t r o n i c  o r  "doorway" 

s t a t e .  I t  must be added, however, t h a t  as with  th e  l adder -c l im b ing  

process  in MPD, th e  t r a n s i t i o n  from region  A to  B i s  undoubtedly a 

c on t inuous ,  smooth process  and our  s u b d iv i s io n  i s  a s i m p l i f i e d  model o f  

th e  p ro c e ss .  Bearing t h i s  admonition in mind, we may n e v e r th e le s s  

examine th e  o u ts tan d in g  f e a t u r e s  o f  t h e  p ro c e ss .

Because in both energy domains the  i s  given by the  r a d i a t i v e  

l i f e t i m e  o f  the  e x c i t e d  s t a t e ,  d iv ided  by a d i l u t i o n  f a c t o r ,  o r  Ng, 

and s in ce  NA, Ng>l f o r  most a c c e s s i b l e  energy r a n g e s ,  we expec t t h a t  

t h e  IER r a t e  w i l l  be slower  than the  pure ly  r a d i a t i v e  one .  T h i s ,  in  

t u r n ,  means t h a t  the  ex p er im en ta l ly  measured l i f e t i m e  o f  t h e  MPE- 

prepared  s t a t e  w i l l  be longer  than t h a t  c a l c u l a t e d  on th e  b a s i s  o f



o s c i l l a t o r - s t r e n g t h  measurements ob ta ined  from a b so rp t io n  exper im en ts ,  

f o r  example. This f a c t  again  u n d e r l in e s  th e  s i m i l a r i t i e s  between the  

IER and th e  r a d i a t i o n l e s s  t r a n s i t i o n s  p r o c e s s e s ,  t h e  l a t t e r  having been 

d e sc r ib e d  1n th e  e a r l y  l i t e r a t u r e  (19) as r e s u l t i n g  in  "anomalously" 

long r a d i a t i v e  l i f e t i m e s .

In range A, only  a p a r t  o f  th e  {|Gct>} manifo ld  i s  coupled t o  th e  

|S&> l e v e l .  As was mentioned, t h e  mixed < j |  s t a t e s  a r e  s e p a ra te d  by 

b lack  holes o r  uncontaminated {|Ga>} s t a t e s .  As po in ted  ou t  by J o r t n e r ,  

t h i s  decreases  the  e f f e c t i v e  va lue  o f  pg and , in t u r n ,  enhances th e  IER 

r a t e .  This a l s o  im pl ies  t h a t  an exceed ing ly  l a r g e  va lue  o f  Pg, in  range 

A, as i s  th e  case  f o r  a l a rg e  polyatomic m olecu le ,  may d i l u t e  the  

r a d i a t i v e  r a t e  s u f f i c i e n t l y  so as to  p reven t  IER (e m is s io n ,  r e a l l y )  

d e t e c t i o n .  A d d i t i o n a l l y ,  the  in v e r s e  dependence on pg, a l s o  s e t s  an 

upper  l i m i t  on the  o b se r v a t io n  o f  IER w i th in  range A. As we ascend in 

energy in  t h i s  range ,  p„ i s  i n c re a s in g  e x p o n e n t i a l l y ,  t h e  l i f e t i m e  of  

th e  emission i s  i n c r e a s i n g ,  and e v e n tu a l ly  IR emiss ion and c o l l i s i o n s ,  

even a t  low p re s su re s  can damp the  e l e c t r o n i c  f l u o r e s c e n c e .

However, in  range B, th e  s i t u a t i o n  i s  d i f f e r e n t .  The d i l u t i o n
Pg

f a c t o r  i s  r e a l l y  t h e  r a t i o  o f  l e v e l  d e n s i t i e s ,  N„ = -=■, which means t h a tO pc
Pc **

th e  r a d i a t i v e  l i f e t i m e  m u l t i p l i e d  by —  i s  th e  r TCD. In c re a s in g  th eP g I L K

v i b r a t i o n a l  e x c i t a t i o n  in  t h i s  range ,  t h e r e f o r e ,  would be expected  to  

h e lp  t h e  IER r a t e .  I f  we assume a c o n s t a n t  f o r  th e  moment and we
pc

focus  on th e  r a t i o  — , we see t h a t  i t  i n c re a s e s  w i th  i n c r e a s in g  energy ,
PG

r e s u l t i n g  in  a f a s t e r  IER r a t e .  In p r a c t i c e ,  t h i s  e f f e c t  may no t  be 

e a s i l y  observed s i n c e , a t  t h e s e  h igh l e v e l s  o f  e x c i t a t i o n ,  d i s s o c i a t i o n  

i s  u s u a l l y  th e  p r e f e r r e d  p ro c e ss .  N e v e r t h e l e s s ,  i t  i s  i n t e r e s t i n g  to 

note  th e  o p p o s i te  t r e n d s  expected in  th e  two energy ranges  as a fu n c t io n  

o f  v i b r a t i o n a l  e x c i t a t i o n .
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To focus on the  v i b r a t i o n a l  to  e l e c t r o n i c  (V-E) energy t r a n s f e r  p ro ­

cess  in  CrOgClg, we w i l l  b r i e f l y  review the  r e l e v a n t  s p e c t ro s c o p ic  parameters  

o f  t h i s  molecule .  Under the  Cgv symmetry group, the  two lowest 

e l e c t r o n i c a l l y  e x c i t e d  s t a t e s  correspond to  Ag (16970 cm"1 ) and B-j 

(17248 cm"1 ) ;  t h u s ,  t h e i r  o r i g i n s  a r e  only  278 cm"1 a p a r t .  A d d i t i o n a l ly ,  

t h e r e  i s  a s t a t e  o f  somewhat h ighe r  energy which i s  comple te ly  d i s s o c i a ­

t i v e .  I f  one inc ludes  th e  t r i p l e t  s t a t e s  o f  th e  same symmetry, t h e r e  a re  

a t  l e a s t  t h r e e  s i n g l e - s i n g l e t  and th r e e  s i n g l e t - t r i p l e t  ( sp in  fo rb idden)  

t r a n s i t i o n s  from the  Â  ground s t a t e  in t h i s  general  energy reg ion .  

A d d i t i o n a l ly ,  i t  i s  worthwhile  to  r e i t e r a t e  t h a t  t h e  lowest  d i s s o c i a t i v e  

channel (CrO^Cl-Cl bond r u p tu r e )  exceeds the  o r i g i n  o f  the  f i r s t  e x c i t e d  

s t a t e  by 19-34 kca l /m o le .

The d e n s i t y  o f  ground s t a t e  v i b r a t i o n a l  l e v e l s  i s  3 x 10^/cm"1 a t  the
fi -1

o r i g i n  o f  th e  ^  s t a t e  ant* 6.5 x 10 /cm" a t  th e  B̂  s t a t e ' s  o r i g i n .

McDonald's f lu o rescen ce  s tudy  (20) and subsequen t ly  Levy's supersonic-beam 

emission exper iments  (2) e s t a b l i s h e d  the  B̂  s t a t e  as t h a t  r e s p o n s ib l e  fo r  

th e  CrO^Clg luminescence in th e  gas phase .  However, t h e  A  ̂ s t a t e ,  non- 

emiss ive  in  CrOgC^ vapor ,  or  perhaps an u n i d e n t i f i e d  t r i p l e t  s t a t e ,  i s  

r e s p o n s ib le  f o r  the  emiss ion in  low tem pera tu re  s o l i d s  r e g a r d l e s s  o f  the  

e x c i t a t i o n  wavelength used (2 1 ) .  Bondybey (21) a t t r i b u t e s  t h i s  r e s u l t  to 

f a s t  v i b r a t i o n a l  r e l a x a t i o n  and r a d i a t i o n l e s s  t r a n s i t i o n s  from the  B-j to  

th e  emiss ive  (Ag o r  t r i p l e t )  s t a t e ,  when th e  former i s  r e s o n a n t ly  e x c i t e d .  

This "physica l  s t a t e "  dependent f lu o rescen ce  appears  to  r e f l e c t  the  f a c t  

t h a t ,  in  th e  gas phase ,  t h e  d e n s i t y  o f  ro v ib r o n ic  s t a t e s  i s  the  key 

parameter involved in  th e  r e q u i r e d  r a d i a t i o n l e s s  t r a n s i t i o n ,  whereas ,  in  

low tem pera tu res  m a t r i c e s ,  th e  m u l t i t u d e  o f  phonon s t a t e s  in s u r e s  the  

e x i s t e n c e  o f  the  r e q u i r e d  le v e l  d e n s i t y .  T h e re fo re ,  o t h e r  molecular 

p a ram ete rs ,  such as th e  Franck-Condon f a c t o r s  connec t ing  th e  two v ib ron ic  

manifolds and the  energy d e f e c t  o r  excess  energy t h a t  must be d i s s i p a t e d
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In to  the  l a t t i c e ,  b a s i c a l l y  determine the  r a t e  and e x t e n t  o f  f lu o re sc en c e .

Returning to  the  mult i  photon-induced IER process  in  CrOgClg vapor,

w e ' l l  assume t h a t  i t  i s  th e  t r a n s i t i o n  t h a t  l e ad s  to  the  v i s i b l e

f lu o r e s c e n c e .  Fur thermore,  we a s s e r t  t h a t  on ly  energy reg ion  A, where

pSASB g " 1 ’ i s  involved emiss ion .  To v e r i f y  t h i s ,  we need to  know

^SB G* non_radi a t i ve width o f  each |SB > v ib ro n ic  l e v e l .  McDonald's

exper iments  (20) y i e l d  a decay t ime,  t ,  o f  1.34 ysec  f o r  the  v ib ra t io n a l ,1 y

cold  e l e c t r o n i c a l l y  e x c i t e d  s t a t e .  A d d i t i o n a l ly ,  because t h i s  va lue  i s

in  reasonab le  agreement with t h a t  ob ta ined  from a b so rp t io n  o s c i l l a t o r

s t r e n g t h  c a l c u l a t i o n s ,  he a s s e r t s  t h a t  i t  i s  pu re ly  r a d i a t i v e .  This

o b se rv a t io n  im pl ies  t h a t  th e  i n t e r n a l  convers ion  r a t e ,  which i s  b a s i c a l l y

th e  n o n - r a d i a t i v e  w id th ,  A<.g g ,  i s  slower  than th e  r a d i a t i v e  r a t e .

T h e re fo re ,  a lower l i m i t  o f  1.34 ysec can be s e t  f o r  the  former;  i . e . ,

i n t e r n a l  convers ion  i n to  h ig h - ly in g  ground s t a t e  l e v e l s  from the

v i b r a t i o n a l l y  cold  leve l  must be slower  than 1.34 y s e c .  Using the
-5 -1speed o f  l i g h t ,  we g e t  an upper l i m i t  fo r  A<.g g = 2 .50  x 10 cm .

Using t h i s  va lue  in  P^Aj-g g > 1,  exp re ss ion  (11) ,  we ge t  pg = 4.02 x 104
-1 -5 -1s t a t e s / c m  f o r  A<.g g > 2.50 x 10 cm . This i s  the  va lue o f  p,.

r e q u i re d  to  meet th e  reg ion  B s t ro n g  coupl ing  c o n d i t i o n .  Obvious ly ,  t h i s

high d e n s i t y  o f  s t a t e s  i s  absen t  a t  th e  B-j o r i g i n .  Moreover, a l though

the  f requenc ie s  o f  the  B-j s t a t e  v i b r a t i o n a l  fundamentals  a re  not  known,
4 -1a leve l  d e n s i t y  o f  more than 10 s t a t e s / c m  i s  s u r e l y  not reached u n t i l  

an energy reg ion  where the  l e v e l s  a re  not f l u o r e s c e n t ,  but  on the  c o n t ra ry  

probably d i s s o c i a t i v e .  T h e re fo re ,  th e  e l e c t r o n i c a l l y  e x c i t e d  v i b r a t i o n -  

l e s s  l e v e l  i s  well w i th in  reg ion  A, where PgAgg g < 1.  The n o n - r a d i a t i v e  

r a t e s  o f  v i b r a t i o n a l l y  hot B̂  l e v e l s  cannot be de r ived  from McDonald's 

d a t a ,  s in ce  no c o l l i s i o n l e s s  l i f e t i m e s  could  be ob ta ined  under h is  

exper imental  c o n d i t i o n s .  Moreover, th e  low p re s su re  l i f e t i m e s  seemed 

to  va ry ,  by an o rde r  to magnitude in some c a s e s ,  for  very
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c l o s e l y  ly in g  l e v e l s .  His d a ta  c l e a r l y  show t h a t  the  r a d i a t i o n l e s s  

t r a n s i t i o n  i s ,  s u r p r i s i n g l y ,  s t r o n g ly  dependent on th e  v ib r a t i o n a l  

mode t h a t  was l a s e r - e x c i t e d .  Because o f  th e se  i n t e r e s t i n g ,  bu t  

c o n f l i c t i n g ,  problems, we merely a s s e r t  t h a t  a l l  t h e  f l u o r e s c i n g  s t a t e s  

had r a d i a t i o n l e s s  r a t e s  comparable t o  o r  probably  c o n s id e ra b ly  sm al le r  

than h i s  50 nsec dye l a s e r  p u l s e .  We note  t h a t  t h i s  i s  c o n s i s t e n t  with 

th e  f a c t  t h a t  t h e s e  l e v e l s  a re  a c t i v e  in  emiss ion ,  whereas those  to  the
o e

blue  o f  5650 A (5550 A in  Levy 's  superson ic  j e t )  a re  no t .  In t h i s  

h ighe r  energy reg io n ,  the  i n t e r n a l  convers ion  r a t e  i s  so f a s t  t h a t ,  

i n s t e a d  o f  only dominat ing th e  emission decay, molecules  undergo a 

r a d i a t i o n l e s s  t r a n s i t i o n  to  th e  ground s t a t e  b e fo re  they have had a 

chance to  em i t .  Moreover, t h i s  process  i s  i r r e v e r s i b l e  s in c e  no 

emiss ion  i s  observed .  In t h i s  connec t ion ,  i t  should  be mentioned t h a t  

McDonald su g g es t s  the  p o s s i b i l i t y  t h a t  th e  o n s e t  o f  p h o to d i s s o c i a t i o n  

may occur  a t  co n s id e ra b ly  longe r  wavelengths than those  observed by 

Halonbrenner, e t .  a l .  (22) This would account f o r  the  sudden drop in 

f l u o r e s c en c e  y i e l d .  We b r i e f l y  i n v e s t i g a t e d  t h i s  p o s s i b i l i t y  by 

i r r a d i a t i n g  CrC^Clg samples ranging  in  p re s su re  from 0 .5  -  10 t o r r  with 

a Q-switched frequency-doubled  Neodynium-Yttrium Aluminum Garnet 

(Nd-Yag) l a s e r t  capable  o f  producing  a 10 nsec p u ls e  c o n ta in in g  7.0  J a t
O

5320 A. As expected from prev ious  r e p o r t s  c i t e d ,  i n c lu d in g  McDonald's,  no 

v i s i b l e  luminescence was observed even when the  l a s e r  r a d i a t i o n  was 

t i g h t l y  focused . S i m i l a r l y ,  however, no p a r t i c l e s  were d e tec te d  by 

s c a t t e r i n g  with  a He-Ne continuous  wave (cw) l a s e r  and no CrO^ could be 

d e t e c t e d  in  the  c e l l  o r  windows a f t e r  th e  CrO^Clg was evacua ted .

*The a u th o r  wishes to  thank P ro f .  G. Skorinko o f  t h e  Brooklyn College 
Physics  Department f o r  g ra c io u s ly  a l low ing  the  use o f  h i s  l a s e r .
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Although by no means e x h a u s t iv e ,  t h e se  exper iments  to g e th e r  with  t h a t  of  

o t h e r s (22), i n d i c a t e  t h a t  p h o to d i s s o c i a t i o n  o f  Cr02Cl2 r e q u i r e s  l i g h t  

t o  t h e  b lu e  o f  5320 A. Based on t h i s  ev idence ,  the  n e g l i g i b l e  o r  zero
O

f lu o r e s c e n c e  quantum y i e l d  b lue  o f  5650 A must be a t t r i b u t e d  to  a f a s t

i n t e r n a l  convers ion  t h a t  i s  rendered  i r r e v e r s i b l e  by th e  high ground-

s t a t e  v i b r a t i o n a l  leve l  d e n s i t y .  The f l u o r e s c e n t  l e v e l s  on th e  o th e r

hand undergo r a d i a t i o n l e s s  t r a n s i t i o n s  a t  a r a t e  which i s  e i t h e r  slow or

a t  most comparable t o  McDonald's 50 nsec p u l s e .  Returning to  th e

i d e n t i f i c a t i o n  o f  th e  IER energy reg ion  in Cr02Cl2 , we proceed as be fo re
-4 -1us ing  xn r  = 50 nsec and we g e t  a va lue  o f  6 .7  x 10 cm f o r  r S£ q .

Again,  use o f  e x p re s s io n  (11) y i e l d s  a leve l  d e n s i t y ,  ps , o f  
3 -11.5  x 10 s t a t e s / c m  in  o rd e r  to  be in  reg ion  B o f  th e  IER th e o ry .

Again,  i t  i s  doub t fu l  t h a t  t h i s  d e n s i t y  can be reached in  the  

e l e c t r o n i c  s t a t e  b e fo re  d i s s o c i a t i o n ;  i t  i s  c e r t a i n l y  o rd e r s  o f  magnitude 

above t h a t  found in  the  reg ion  o f  i n t e r e s t  o f  the  p r e s e n t  work.

T h e re fo re ,  we again  a s s e r t  t h a t  IER in  Cr02Cl2 belongs t o  t h e  weak 

coupl ing  case  ( PsAsp G < ^  o r  t o  r e 910n A *ER formal ism.

High o rd e r  i n f r a r e d  multi  photon pumping p repa res  th e  Cr02Cl2 

molecule  in  h ig h ly  e x c i t e d  v i b r a t i o n a l  l e v e l s  o f  the  ground e l e c t r o n i c  

s t a t e .  The high leve l  conges t ion  in  t h i s  energy r e g io n ,  th e  q u a s i ­

continuum, r e s u l t s  in  f a s t  i n t r a m o le c u la r  v i b r a t i o n a l ’ r e l a x a t i o n  (IVR). 

This  e s s e n t i a l l y  l e av e s  a l l  normal modes o f  v i b r a t i o n  o f  Cr02Cl2 , and 

no t  j u s t  those  re sonan t  with th e  l a s e r  f i e l d ,  v i b r a t i o n a l l y  e x c i t e d .

This  lo s s  o f  coherence  i s  m a n i fe s t ed ,  f o r  exaipple, in  t h e  f a c t  t h a t  

pumping t h e  Cr-0 s t r e t c h  o f  Cr02Cl2 r e s u l t s  in  Cr-Cl bond f i s s i o n .  

A d d i t i o n a l l y ,  IVR t o g e t h e r  w i th  power broadening broaden th e se  l e v e l s  

to  what i s  a lmost a t r u e  continuum. Thus,  the  n a tu r e  o f  t h e  MPE process  

i t s e l f  in s u re s  e f f i c i e n t  o v e r lap  between th e  dense ground v ib r a t i o n a l
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manifold and th e  comparat ive ly  sp a r se  e x c i t e d  v ib ro n ic  l e v e l s .

Undoubtedly,  t h i s  e f f i c i e n t  coupling a s s i s t s  t h e  V-E energy t r a n s f e r  

p rocess  and, t h u s ,  i n c r e a s e s  the  IER r a t e .  We no te  t h a t  t h i s  mode o f  

e x c i t a t i o n  i s  c o n s i s t e n t  with the  b ro ad ,  devoid o f  f i n e  s t r u c t u r e ,  

emiss ion  t h a t  we observed in  the  MPE o f  CrOgClg as well  as  t h a t  de tec ted  

in  o t h e r  systems t h a t  r e p o r t e d ly  undergo IER ( 2 3 ,2 4 ,2 5 ) .  P a r e n t h e t i c a l l y ,  t h i s  

f e a t u r e l e s s  broad luminescence would a l s o  be expected i f  th e  f ragements ,  

r a t h e r  than the  pa ren t ,p roduced  v ia  MPD a re  t h e  o r i g i n  o f  th e  lumin­

e scence .  This i s  c o n s i s t e n t  w ith  p roduct ion  o f  v i b r a t i o n a l l y  hot 

daugh te r  s p e c i e s ,  such as CrOgCl, via  MPD, which a r e  pumped f u r t h e r  

by the  l a s e r  f i e l d  to  e x c i t e d  v i b r a t i o n a l  l e v e l s  from which they  can 

undergo IER and, t h e r e f o r e ,  luminesce .  Indeed,  broad f e a t u r e l e s s  s p e c t r a  

seem to  be the  r u l e  in  a lmost a l l  the  MPE-induced luminescing systems 

s tu d i e d  to  d a t e .

Although the  behavior  o f  the  MPA-induced luminescence in  Cr02Cl2 

w i th  regard  t o  p r e s s u r e ,  f lu en ce  and, p a r t i c u l a r l y ,  s p e c t r a l  range 

suppor ts  the  IER n o t io n ,  th e  l i f e t i m e  data ,  on the  sur face ,  do n o t .  In 

the  s in g le -p h o to n  e x c i t a t i o n  o f  Cr02Cl2 , t h e  emiss ion  o f  t h e  v i b r a t i o n a l l y  

co ld  leve l  had a l i f e t i m e  o f  1.34 u s e e s ,  in  reasonab le  agreement with 

o s c i l l a t o r  s t r e n g t h  c a l c u l a t i o n s . (20) A d d i t i o n a l ly ,  the  v i b r a t i o n a l l y  hot 

e l e c t r o n i c a l l y  e x c i t e d  l e v e l s  g e n e r a l ly  e x h ib i t e d  even s h o r t e r  l i f e t i m e s .

In our exper im en ts ,  p a r t i c u l a r l y  those  in  th e  p resence  o f  Ar,  the  

c o l l i s i o n - f r e e  l i f e t i m e  was in  excess  o f  50.0  y sec s .  This 40 - fo ld  

l i f e t i m e  in c r e a s e  i s  p a r a d o x ic a l ,  when we a r e  c la iming  t h a t  t h e  B-| s t a t e ,  

th e  one w i th  a s i g n i f i c a n t  r a d i a t i v e  w id th ,  i s  r e s p o n s ib l e  f o r  the  

emiss ion  observed in  both s i n g l e  and mult iphoton  exper im ents .  We w i l l  

show t h a t  t h i s  seeming c o n t r a d i c t i o n  i s  r e a l l y  s t ro n g  evidence  in  f a v o r  

o f  V-E energy t r a n s f e r  in  Cr02Cl2 as d e p ic ted  by th e  IER th e o ry .
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We sh o u ld ,  a t  th e  o u t s e t ,  r a i s e  the  p o s s i b i l i t y  t h a t  i t  i s  the  

nearby (278 cm“ ^) lower energy s t a t e  t h a t  i s  e m i t t i n g .  The most 

compell ing evidence  a g a i n s t  i t  i s  t h a t  i t s  emiss ion  was not observed 

in  t h e  gas-phase  f l u o r e s c en c e  exper iements  o f  both McDonald (20) and o f  

Blazy and Levy (2 ) .  Only emiss ion from the  B-j s t a t e ,  an allowed t r a n s i ­

t i o n ,  was d e t e c t e d .  As a l r e a d y  mentioned, phosphorescence from the  lower 

s t a t e ,  whether from a t r i p l e t  or perhaps a symmetry frobidden A2 s t a t e ,  

has been r e p o r t e d  only in  low tempera ture  m a t r ic e s  (21 ,26 ) .  A d d i t io n a l ly ,  

the  l i f e t i m e  o f  t h i s  emiss ion  has been r e p o r te d  (21) to  be in the  msec

domain; i t s  exac t  va lue  being dependent upon th e  n a tu re  and h i s t o r y  o f

the  r a r e  gas m a t r ix .  To assume t h a t  t h i s  i s  th e  emiss ive  s t a t e  in  our MPA 

experiments would r e q u i r e  p o s t u l a t i n g  a l i f e t i m e  s h o r ten in g  mechanism 

which i s  h igh ly  improbable given our g ro u n d - s t a t e  pumping method of  

e x c i t a t i o n .  Mixing o f  t h i s  t r i p l e t  w i th  t h e  B-j s t a t e ,  a p o s s ib le  

l i f e t i m e  s h o r t e n in g  p ro c e s s ,  does no t  occur accord ing  to  Bondybey's 

p o l a r i z a t i o n  s t u d i e s  (2 1 ) .  T h e re fo re ,  we emphasize t h a t  the  evidence weighs 

h eav i ly  a g a i n s t  emission  from the  low er - ly ing  s t a t e .

High o r d e r  i n f r a r e d  mult i  photon e x c i t a t i o n  o f  CrOgClg prepares  the

molecule  in  mixed m olecu lar  e i g e n s t a t e s ,  { | j > } ,  whose paren tage  i s  an 

admix ture  o f  a s i n g l e  v ib ro n i c  Bj l e v e l  ( |S^> o f  th e  IER formalism) with 

a s e t  o f  q u a s i - d e g e n e ra t e  ground s t a t e  l e v e l s ,  { |Ga>}. S ince  we have 

shown t h a t ,  in  Cr02Cl2 » IER-region A i s  the  only one o f  i n t e r e s t ,  the
A

emission  r a t e  yv? i s  given by (1 0 ) ,
J

y f o  ‘ |e(Ej - V n fe
6 i s  a s t e p  f u n c t i o n ,  de f ined  by ( 9 ) ,  and s i n c e  we a re  i n t e r e s t e d  in  an 

emiss ive  le v e l  where c ro s so v e r  from th e  ground s t a t e  i n t o  the  B̂  v ib ro n ic



n o .

l eve l  must have o ccu r red ,  we s e t  i t  equal to  1. T h e re fo re ,  (10) 

becomes,

( 1 0 ' )

A ( 10 ")

In t h i s  form, we see  t h a t  the  IER r a t e  i s  p ro p o r t io n a l  t o  the  leve l

to  dephasing widths  o f  th e  v ib ro n ic  leve l  o f  i n t e r e s t .  According to  

McDonald (20) ,  th e  decay o f  th e  v i b r a t i o n a l l y  cold  B-j leve l  i s  b a s i c a l l y

l i t t l e ,  i n t e r s t a t e  mixing on the  s i m i l a r i t y  between the  c a l c u l a t e d  and 

the  e m p i r i c a l l y  determined l i f e t i m e ,  as well as on the  exper imental  f a c t  

t h a t  th e  B̂  s t a t e  i s  emiss ive  in low tempera ture  m a t r i c e s  (26) .  The 

l a t t e r  obse rv a t io n  would not be expec ted ,  as p re v io u s ly  impl ied in 

t h i s  d i s c u s s i o n ,  f o r  s t r o n g ly  mixed e l e c t r o n i c  s t a t e s .  Subsequently ,  

as a l r e ad y  mentioned, Bondybey e s t a b l i s h e d  t h a t ,  indeed ,  th e  B̂  s t a t e  

does not f l u o r e s c e  in r a r e - g a s  m a t r ic e s  (21) .  Thus, i t  i s  very p o s s ib le  

t h a t  the  dephasing  r a t e  i s  a t  l e a s t  comparable to  the  r a d i a t i v e  width 

even fo r  th e  low - ly ing  v ib ro n ic  B̂  l e v e l s .  Thus, p r u d e n t ly ,  l e t t i n g  

6 ^  YS = x 10" 5 cm~  ̂ and u s ' ng th e  v ib r a t i o n a l  leve l  

popu la t ion  a t  th e  B-j o r i g i n ,  pg = 3 .0  x 10^ s t a t e s / c m “  ̂ in  (1 0 " ) .

spacing  in  the  ground v i b r a t i o n a l  manifold  and to  th e  r a t i o  o f  r a d i a t i v e

p u re ly  r a d i a t i v e ,  i . e . ,  A He bases t h i s  assumption o f  no,  o r



t i e r  = x cm/ s e c  = 90 y s e c

Thus,  IER th eory  p r e d i c t s  a 67 - fo ld  (90 y sec /1 .3 4  usee)  in c r e a s e  in 

l i f e t i m e  i f  th e  coupling i s  between th e  cold  v ib ro n ic  l e v e l  and the  

complete manifold o f  the  quasi  degenera te  {|Ga>} s e t .  Expe r im en ta l ly ,  

in th e  presence o f  Ar,  we demonst rated t h a t  the  c o l l i s i o n - f r e e  MPA- 

induced emission l i f e t i m e  i s  a t  l e a s t  50 y sec .  Thus,  even with the  

approximations  used,  agreement between theo ry  and exper iment i s  not 

unreasonab le .  Moreover, in  range A, where the  Bi l e v e l - d e n s i t y  i s  

very s p a r s e ,  th e  " e f f e c t i v e "  d e n s i t y  o f  {|Ga>} v i b r a t i o n a l  l e v e l s  

coupled to  the  e x c i t e d  v ib ro n ic  s t a t e  may very well be reduced .

This reduced d e n s i ty  o f  s t a t e s  wi l l  i n c re a se  (pg)“ \  the  level  

spac ing ,  y i e ld in g  a s h o r t e r  l i f e t i m e  o r  f a s t e r  IER r a t e .  At h ighe r  

e x c i t a t i o n s ,  as a l r e ad y  s t a t e d ,  ( pq) would d ecrease  and a longe r  t i s  

expec ted .  A d d i t i o n a l ly ,  A«.g g,  which i s  i t s e l f  p ro p o r t io n a l  to  Pg, 

would a l s o  i n c r e a s e ,  the reby  decreas ing  the  IER r a t e .  In range A, 

where the  B̂  leve l  d e n s i t y  remains low, even f o r  c o n s id e ra b le  v ib r a t i o n a l  

e x c i t a t i o n ,  the  only  c o u n te r a c t in g  e f f e c t  would be a f a s t e r  r a d i a t i v e
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r a t e ,  y^., due t o ,  f o r  example,  f avo rab le  Franck-Condon f a c t o r s .  The 

general  p a t t e r n  observed by McDonald (20) 1s t h a t  the  f lu o rescen ce  

quantum y i e l d  decreases  f o r  h igher  members o f  a v i b r a t i o n a l  p ro g re s s io n ;  

thus  the  inc reased  r a d i a t i o n l e s s  r a t e ,  predominates .  The culmina-
O

t i o n  o f  t h i s  t r e n d  occurs  a t  about 5600 A, where th e  r a t i o  o f  the  

r a d i a t i v e  to  r a d i a t i o n l e s s  r a t e s  i s  so sm a l l ,  i . e . ,

YS
AS6G << 1 ’

t h a t  the  emission  d i s a p p e a r s .

According to  t h i s  p i c tu r e ,  c o l l i s i o n a l  d e a c t iv a t io n ,  as was expe r im en ta l ly  

shown, should be very  e f f i c i e n t  in quenching the  f l u o r e s c e n c e .  The 

l a r g e r  than gas k i n e t i c  c r o s s - s e c t i o n  ob ta ined  i n d i c a t e s  t h a t  long-range  

fo rces  a re  s u f f i c i e n t  to  d e a c t i v a t e  the  MPA-produced e l e c t r o n i c a l l y  

e x c i t e d  s t a t e .  The l a s e r  pu lse  produces an ensemble o f  CrOgClg molecules 

in  mixed s t a t e s ,  ( | j > ) ,  t h a t  c a r ry  o s c i l l a t o r  s t r e n g th  due to  t h e i r  

p a r t i a l  |B^> c h a r a c t e r .  Superimposed on these  i s  the  dense background 

o f  dark l e v e l s  t h a t  have,  p r a c t i c a l l y ,  no r a d i a t i v e  w id ths .  Because o f  

the  high leve l  d e n s i t y  o f  the  l a t t e r ,  c o l l i s i o n s  can be expected to  

quench th e  luminescence e f f e c t i v e l y .  Within t h i s  framework, t h e r e f o r e ,  

our ex p e r im en ta l ly  observed CrO^Clg c o l l i s i o n a l  s e l f -q u e n ch in g  r a t e  

c o n s t a n t  o f  10^ s e c ~ ^ t o r r ~ \  i s  not unexpected.  Very e f f i c i e n t  c o l l i s i o n a l  

d e a c t i v a t i o n  o f  e l e c t r o n i c  f l u o r e s c e n c e ,  even with l a r g e r  than gas 

k i n e t i c  c r o s s - s e c t i o n s ,  i s  not unusual when th e  quenching proceeds via  

i n t e r n a l  convers ion  o r  i n t e r sy s t em  c ro s s in g  (27 ,28 ,29  f o r  example).

Since the  same i n t e r s t a t e  v ib r a t i o n a l  r e l a x a t i o n  would be expected to  

o p e ra te  r e g a r d l e s s  o f  the  e x c i t a t i o n  c o n d i t i o n s ,  our agreement with 

McDonald's r a t e  i s  comfor t ing .  Hard-sphere  c o l l i s i o n s ,  with r a r e  gases



f o r  example,  would not be expected to  be very  e f f i c i e n t .  A c tu a l ly ,

t h a t  the  f lu o re sc en c e  i s  quenched a t  a l l  by the  He and Ar i s  f u r t h e r

suppor t  f o r  th e  IER concep t .  Rare gases do not normally  quench

e l e c t r o n i c  f l u o r e s c e n c e .  However, when such emission stems from mixed

l e v e l s ,  as in  t h e  CrOgClg c a s e ,  i n e r t  gases have been found to  d e a c t i v a t e

the  e x c i t ed  molecules  but with  very low e f f i c i e n c y  (3 0 ,3 1 ,3 2 ) .  This i s

the  behavior  observed when the  MPE o f  CrO^Clg was c a r r i e d  ou t  in r a r e - g a s

b a th s .  Thus, th e  quenching o f  the  CrO^Cl^ f lu o rescen ce  by He i s  d isp layed

in  Figure 16 o f  the  R e s u l t s .  Moreover,  the  d e a c t iv a t io n  o f  the  emission

induced in an Ar.-CrO^Clg (200:1 ) mix tu re  a l so  suppor ts  the  m ix e d -s ta te s

h y p o th e s i s .  The Stern-Volmer p lo t  o f  th e se  experiments  y i e l d s  a s lope

o f  4 .6  x 107 sec~^torr~^ o r  a b im olecu la r  quenching c o n s ta n t  (k- ^) o f  
-82 .2  x 10 s e c * t o r r ,  in  u n i t s  t h a t  f a c i l i t a t e  the  fo l lowing d i s c u s s io n .

This r a t e  c o n s t a n t  i s  s i m i l a r  to  t h a t  ob ta ined  in  n ea t  CK^Clgi 
-85 .9  x 10 s e c * t o r r .  The slower  r a t e  ob ta ined  in  the  m ix tu re ,  i f

s i g n i f i c a n t l y  d i f f e r e n t ,  may be due to  c o l l i s o n s  among the  Ar bath and

the  cold  Cr02Cl2 m olecu les .  The l a t t e r  a re  much more numerous than

e x c i t e d  CrOgC^ s p e c i e s ,  s in ce  the  l a s e r  only  e x c i t e s  a small popula t ion

o f  even those  molecules r e s i d i n g  w i th in  th e  i n t e r a c t i o n  volume. These

" i n t r a - b a t h "  c o l l i s i o n s  would tend  to  reduce the  frequency  o f  
*

CrOgClg-CrOgCl2 d e a c t i v a t i n g  c o l l i s i o n s .  At lower p r e s s u r e s ,  however, 

a slower  r a t e  i s  ob ta ined  with a very  approximate c o n s ta n t  o f  about

7 .3  x 10"10 s e c * t o r r .  A p o s s ib l e  e x p lan a t io n  f o r  t h i s  o b se rv a t io n  i s

t h a t ,  as th e  p re s su re  i s  reduced ,  the  d e a c t i v a t i o n  p rocess  i s  dominated 
*

by Ar-CrOgClg c o l l i s i o n s .  At th e se  p r e s s u r e s ,  remembering t h a t  the

AriCrOgClg r a t i o  remains c o n s t a n t ,  th e  t ime between CrOgClg c o l l i s i o n s

becomes very long and the  quenching r a t e  i s  p r im a r i l y  determined by the

sp ec ie  in  l a r g e  e x c e s s ,  namely Ar. Express ing th e  r a t e  c o n s ta n t  f o r
-12t h i s  process  in  terms o f  Ar p re s su re  y i e l d s  a va lue o f  3 .6  x 10"
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s e c • to r r - -m o re  than four o rde rs  o f  magnitude sm al le r  than th e  CrOgCl^ 

se l f -q u en ch in g  r a t e  c o n s t a n t .  Such an i n e f f i c i e n t  r a t e  i s ,  as a l r e ad y  

d i s c u s s e d ,  expec ted .  That He and Ar quench the  MPE-induced emission 

i s  c o n s i s t e n t  with  our unde rs tand ing  o f  the  e x c i t a t i o n  p ro c e ss .  Rare- 

gas d e a c t i v a t i o n  r e f l e c t s  the  high d e n s i t y  o f  l e v e l s  be longing to  the 

"black holes"  as compared to  those  belonging to  the  emiss ive  group o f  

( | j > )  s t a t e s .  T h e re fo re ,  v ib r a t i o n a l  r e l a x a t i o n  via  i n e l a s t i c  hard sphere  

c o l l i s i o n s  can take  p l a c e ,  s in ce  quenching can be r e a l i z e d  with a 

minimal amount of  energy t r a n s f e r  between c o l l i s i o n  p a r t n e r s .  Thus,  we 

see  t h a t  weakly i n e l a s t i c  c o l l i s i o n s  a r e ,  p a r a d o x i c a l l y ,  r e s p o n s ib le  

f o r  the  enhancement o f  th e  CrOgClg emiss ion ,  by r o t a t i o n a l  hole  f i l l i n g  

as a l ready  mentioned,  and fo r  i t s  c o l l i s i o n a l  d e a c t i v a t i o n  by r a r e  gases .  

Indeed, whether any energy convers ion (V-T o r  R-T) has to occur  o r  i f  

dephasing c o l l i s i o n s  t h a t  popula te  i s o e n e r g e t i c ,  but b a s i c a l l y  pure 

{ |G>}, l e v e l s  a re  s u f f i c i e n t  to quench th e  f lu o rescence  remains an 

open q u e s t io n .  The l a t t e r  r o u t e ,  which amounts to  T^-type p rocesses  

f a m i l i a r  from NMR exper im en ts ,  might be o p e r a t iv e  in  th e  low tempera ture  

matr ix  emission  s t u d i e s  done on CrOgClg (2 1 ,2 6 ) .  In th e  p r e s e n t  work, 

however, where popu la t ion  o f  emiss ive  CrC^Clg IJ> s t a t e s  i s  achieved 

via  incoheren t  e x c i t a t i o n ,  the  n a tu re  o f  the  quenching process  cannot 

be a s c e r t a i n e d .  On the  o th e r  hand, the  c o l l i s i o n a l  dependence o f  the  

decay r a t e  in CrO^Cl^ o f f e r s  s t rong  suppor t ing  evidence  f o r  the  IER model.

In t h i s  r e g a rd ,  th e  l i f e t i m e  and c o l l i s i o n a l  d e a c t i v a t i o n  e x p e r i ­

ments a l s o  se rve  the  e l u c i d a t e  the  pumping mechanism in  the  energy reg ion  

o f  th e  B.j s t a t e  o r i g i n .  I f  r a d i a t i v e  coupling o f  high v i b r a t i o n a l  l e v e l s  

o f  the  A.| ground s t a t e  with  low ly in g  l e v e l s  were r e s p o n s ib l e  fo r  

popu la t ing  the  l a t t e r ,  1 t  would be d i f f i c u l t  to  unders tand  why the  

f lu o rescen ce  decay behavior  does no t  mimick t h a t  observed by McDonald.

Both exper iments  would involve  the  same i n i t i a l l y  prepared  l e v e l ,  and,
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t h e r e f o r e ,  i t s  decay should be th e  same r e g a rd le s s  o f  th e  photon used.

That MPE y i e l d s  a lo nger  l i f e t i m e  i s  a r e f l e c t i o n  o f  the  "mixed" ({|G>}

and { |S>}) n a tu re  o f  th e  r e s u l t i n g  s t a t e .  In a l e s s  a c c u r a t e ,  but

perhaps more e a s i l y  v i s u a l i z e d ,  k i n e t i c  d e s c r i p t i o n ,  we would say t h a t

a f t e r  th e  { fG>) l e v e l s  a re  popula ted  via  MPE, a slow, r a t e -d e te r m in in g

c ro s so v e r  s t e p  takes  p lace  i n to  the  |B^> s t a t e  followed by a f a s t

r a d i a t i v e  s t e p .  The l a t t e r  i s  rendered v i r t u a l l y  i r r e v e r s i b l e ,  in  the

i s o l a t e d  m olecu le ,  by the  coup l ing  o f  |B.|> to  the  r a d i a t i v e  continuum

i n to  low ly in g  |A^> l e v e l s .  As in  a l l  k i n e t i c  schemes,  the  slow s t e p ,

n o n ra d ia t iv e  covers ion  from quasi  degenera te  ( |A^>) to  ( |B^>) in the

p re s e n t  work,  de te rmines  the  r a t e  o f  th e  o v e ra l l  p r o c e s s - - i n  t h i s  c a se ,

th e  emiss ion  l i f e t i m e .  That the  f lu o rescen ce  ampl itude s c a l e s  up with

f luence  o r  energy (Figure  9 o f  R esu l t s )  w i thou t  any "anomalous" power

i n t e n s i t y  e f f e c t s  i s  f u r t h e r  evidence  t h a t  mul t iphoton  e x c i t a t i o n  to

f l u o r e s c e n t  l e v e l s  occurs  via  the  ground s t a t e  l a d d e r  o r ,  p r e f e r a b l y ,

via  th e  mixed { | j> )  m an i fo ld .  I f  popu la t ion  o f  low -ly ing  B-j v ib ron ic

l e v e l s  r e s u l t e d  from i n f r a r e d  t r a n s i t i o n s  i n to  and w i th in  i t s  sparse

v ib  a t i o n a l  m an ifo ld ,  a d d i t i o n a l  power i n t e n s i t y  e f f e c t s ,  s i m i l a r  to

th o se  o p e ra t iv e  w i th in  th e  d e s c r e t e  reg ion  o f  A^, should have been

observed .  The i r  absence ,  t h e r e f o r e ,  lends credence to  the  IER d e s c r i p t i o n

o f  t h e  V-*-E energy t r a n s f e r  p rocess  in  CrOgClg-

The broadened emiss ion observed under more in t e n s e  co n d i t io n s  o f

f luence  a n d /o r  p re s su re  were a ss igned  to  Cr02Cl and Cr02 . The r a t i o n a l e

behind th e se  ass ignments  was p resen ted  in  the  previous  c h a p te r .  Although
0

the  luminescence to  the  b lue  o f  5600 A must be due to  sp ec ie s  o th e r  than 

C r O ^ l g .  d i r e c t ,  unequivocal ass ignment o f  t h i s  emission i s  not r e a l l y  

p o s s i b l e .  The exper imenta l  ev idence  p re s e n te d ,  however, i s  overwhelmingly 

1n favor  o f  a t  l e a s t  one ,  o r  p robab ly ,  both daughter  s p ec ie s  producing 

the  e m is s io n .



Although much more common than pa ren t  luminescence,  the  observa t ion  

o f  MPE-induced fragment luminescence i s  not p r e d i c t e d ,  a p r i o r i ,  by the 

c u r r e n t l y  accepted  models o f  i n f r a r e d - m u l t i  photon chem is t ry .  This 

s ta t em en t  follows from the  general  r u l e  t h a t  the  ground s t a t e  o f  a 

molecule c o r r e l a t e s  a d i a b a t i c a l l y  with  ground s t a t e  p ro d u c ts .  Thus, 

v i b r a t i o n a l  h e a t in g  w i th in  th e  g ro u n d - s ta te  manifold  o f  th e  pa ren t  

molecule  i s  not g e n e r a l ly  epxected to  y i e l d  e l e c t r o n i c a l l y  e x c i t ed  

f ragm ents .  N e v e r th e le s s ,  e l e c t r o n i c  luminescence o f  f ragments ,  even 

under c o l l i s o n l e s s  c o n d i t i o n s ,  has been observed in  our as well as in 

o t h e r  systems. This exper imenta l  o b s e r v a t io n ,  we b e l i e v e ,  can be 

exp la ined  w i th in  th e  IER formalism. Before b r i e f l y  d i s cu s s in g  the  

p robab le  mechanism, an a l t e r n a t i v e  e x p lan a t io n  should be r a i s ed - -n am ely ,  

e l e c t r o n i c a l l y  e x c i t e d  p a ren t  molecules y i e l d i n g  e x c i t e d  p roduc ts .  As 

appea l ing  as t h i s  hypothes is  may seem, th e  evidence i s  s t ro n g ly  a g a in s t  

i t .  F i r s t  o f  a l l ,  as has been s t a t e d ,  l a s e r  chem is t ry  has been found 

to  g e n e r a l ly  fo llow the  thermal ro u te  to  d i s s o c i a t i o n .  Product y i e l d s  

a re  u s u a l l y  very s i m i l a r  to  those ob ta ined  under thermal decomposit ion .  

When d i f f e r e n t  products  a re  formed, th e  evidence s t r o n g ly  favors  

thermal decomposit ion followed by one or more a d d i t i o a n l  s t e p s .  F u r th e r ­

more, Dannen and co-workers (33) have shown t h a t  molecules t h a t  obey 

Woodward-Hoffman r u l e s  o f  e l e c t r o c y c l i c  r e a c t io n s  d o n ' t  d i s s o c i a t e  via  

the  pho toexc i ted  p a th .  In the  systems s t u d i e d ,  where the  thermal and 

p h o t o l y t i c  ro u te s  y i e l d  q u i t e  d i s t i n c t  p ro d u c ts ,  th e  former i s  the  

p r e f e r r e d  p a th .  Moreover,  when g ro u n d - s t a t e  d i s s o c i a t i o n  i s  not favored ,  

th e se  molecules  forego the  conce r ted  mechanism in  f avo r  o f  f r e e  rad ica l  

decompos i t ion .  L a s t l y ,  and bear ing  d i r e c t l y  on th e  MPD o f  CrOgClg, 

e l e c t r o n i c  e x c i t a t i o n  o f  s u f f i c i e n t  energy to  d i s s o c i a t e  t h i s  molecule 

in  th e  gas phase does not r e s u l t  in  luminescence (2 ,3 0 ) .  We have 

confirmed t h i s  f a c t  by d i s s o c i a t i n g  CrO^Cl^ with an u l t r a v i o l e t  (Hg)



lamp. The ev idence ,  t h e r e f o r e ,  i s  overwhelming t h a t ,  as a r u l e ,  m u l t i ­

photon e x c i t a t i o n  and d i s s o c i a t i o n  do not occur via e x c i t e d  e l e c t r o n i c  

s t a t e s .

We p o s t u l a t e  t h a t  th e  product ion  o f  CrC^Cl g -d e r iv ed  e x c i t e d  

fragments occurs  as fo l lo w s .  Under c o l l i s i o n l e s s  c o n d i t i o n s ,  a s t ronge  

l a s e r  f i e l d  i s  r equ i red  to  bypass the  IER channel in  CrOgClg. This i s
O O

r e f l e c t e d  by the  l a r g e r  f luence  th re s h o ld  o f  the  4000 A and 5300 A
O

s ig n a l s  as compared with  the  p a r e n t ' s  a t  6300 A (Figure  9 o f  R e s u l t s ) .  

A d d i t io n a l ly ,  the  daughter  s ig n a l s  e x h i b i t  much s t r o n g e r  f luence  

dependence.  This can be i n t e r p r e t e d  as a compet i t ion  between the  IER 

r a t e  and the  up-pumping r a t e  in  th e  energy neighborhood o f  the  s t a t e  

For a given l a s e r  pulse  w id th ,  the  v ib r a t i o n a l  e x c i t a t i o n  w i l l  in c re a s e  

as the  energy o f  th e  pu lse  i n c r e a s e s .  Only a t  very  low l a s e r  e n e r g i e s ,  

where the  a v a i l a b l e  number o f  photons i s  r e l a t i v e l y  s m a l l ,  can the  IER 

r a t e  e f f e c t i v e l y  compete with the  mult i  photon a b so rp t io n  r a t e .  When 

t h i s  compet i t ion  i s  no longer  f luence  l i m i t e d  th e  d i s s o c i a t i v e  channe l ,  

a t  an energy o f  19-34 kcal /mole  above the  Bj o r i g i n ,  becomes a v a i l a b l e  

to  the  molecule .  Since the  l a r g e r  value i s ,  as p rev io u s ly  shown, 

undoubtedly more a c c u r a t e ,  un imolecular  d i s s o c i a t i o n  can t ak e  place 

a f t e r  abso rp t ion  o f  some 24 i n f r a r e d - l a s e r  photons .  However, a t  the  

d i s s o c i a t i o n  l i m i t ,  com pet i t ion  between th e  up-pumping and d i s s o c i a t i o n  

r a t e s  occurs .  In t h i s  energy r e g io n ,  a b so rp t io n  o f  a few more l a s e r  

photons can continue  u n t i l  l e v e l s  with very  l a r g e  d i s s o c i a t i v e  widths  

a re  reached . As p re d ic t e d  by RRKM th e o r y ,  th e  d i s s o c i a t i o n  l i f e t i m e s  

o f  th e se  l e v e l s  i n c re a se s  e x p o n e n t i a l l y  with excess  energy .  Thus, 

d i s s o c i a t i o n  soon becomes the  p r e f e r r e d  channe l .  E xpe r im en ta l ly ,  as 

mentioned in  the  R e s u l t s ,  t h i s  MPD mechanism i s  s t r o n g l y  suppor ted  by 

the  c rossed  l a s e r  and molecular  beams exper iments  o f  Lee and co-workers 

( 5 , 6 ) .  These au tho rs  have found t h a t ,  t y p i c a l l y ,  polyatomics  s i m i l a r



in s i z e  to Cr02C12 » d i s s o c i a t e  with an average excess  energy o f  4-6 

l a s e r  photons .  As a r e s u l t ,  d i s s o c i a t i o n  l i f e t i m e s  o f  th e se  l e v e l s  

a re  in the  nanoseconds to  hundreds o f  picoseconds  regime. Laser 

pu lses  o f  seve ra l  to  hundreds o f  nanoseconds,  such as o u r s ,  lo se  the  

b a t t l e  in  t h i s  energy re g io n .  The a d d i t i o n a l  energy ,  t y p i c a l l y ,  

appears  as v i b r a t i o n a l  energy o f  the  l a r g e r  fragment.  In Cr02Cl2 , 

p r a c t i c a l l y  a l l  o f  i t  w i l l  remain in  the  CrO^Cl f ragment,  s in ce  atomic 

c h l o r i n e  can only accep t  excess energy to  i t s  t r a n s l a t i o n a l  degrees  of  

freedom. Thus, a v i b r a t i o n a l l y  hot CrC^Cl fragment i s  formed in a 

m a t t e r  o f  nanoseconds,  well w i th in  the  envelope o f  our s h o r t e s t  p u l s e - -  

200 nanoseconds.  Laser r a d i a t i o n  o f  s u f f i c i e n t  f luence  can f u r t h e r  

e x c i t e  the  v i b r a t i o n a l l y  hot CrOgCl fragments u n t i l  an e x c i t e d  e l e c t r o n i c  

s t a t e  i s  reached ,  e f f e c t i n g  em iss ion ,  o r  th e  d i s s o c i a t i v e  continuum is  

a t t a i n e d  and d i s s o c i a t i o n  o c cu r s .  Absorption o f  a d d i t i o n a l  photons by 

the  v i b r a t i o n a l l y  e x c i t ed  fragment can occur  i f  d i s s o c i a t i o n  o f  the  

p a ren t  CrOgCl^ leaves  the  CrO^Cl in i t s  quasicontinuum, where f requency 

matching i s  not a requirement f o r  a b so rp t io n  o f  l a s e r  pho tons .  Indeed, 

t h i s  mechanism seems to ex p la in  the  d i s s o c i a t i v e  ro u te  o f  many polyatomics  

under C02- l a s e r  e x c i t a t i o n ,  such as th e  proposed SFg SFg ^  SF^(5).  

A c tu a l ly ,  even CrOgCl fragments t h a t  a re  not s u f f i c i e n t l y  hot t o  a t t a i n  

t h e i r  v ib r a t i o n a l  quasicontinuum may absorb a d d i t i o n a l  l a s e r  photons .

The asymmetric Cr-0 s t r e t c h ,  p r e s en t  in CrOgCl, r e t a i n s  i t s  frequency  o f  

about 1000 cm”  ̂ in  such d iv e r s e  sp ec ie s  as Cr02 (34) and CrOgFg (15) .

I t  i s  reasonab le  to  assume t h a t  t h i s  i s  a l s o  th e  approximate  va lue  in 

Cr02C l , and t h a t ,  t h e r e f o r e ,  the  resonance c o n d i t io n  between th e  

fragments and th e  l a s e r  f i e l d  can e x i s t  even f o r  t r a n s i t i o n s  w i th in  the  

" d i s c r e t e "  reg ion  o f  the  v i b r a t i o n a l  l a d d e r .  This r e so n an t  secondary 

pumping i s  p a r t i c u l a r l y  a t t r a c t i v e  to  ex p la in  t h e  luminescence a ss igned  

to  Cr02 . This t r i a t o m i c  sp ec ie  i s  not l i k e l y  to  reach i t s  quasicontinuum
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even when produced with c o n s id e ra b le  v ib r a t i o n a l  tempera ture  by the  

l a s e r - i n d u c e d  d i s s o c i a t i o n  o f  CrOgCl. However, frequency matching 

between th e  d r iv i n g  f i e l d  and the  CrO^ molecule can ex p la in  th e  

f u r t h e r  e x c i t a t i o n  and luminescence o f  t h i s  sp e c ie .  E xac t ly ,  the  

same c o n s id e r a t i o n s  apply  i f  t h i s  spec ie  were formed, as p re v io u s ly  

d i s c u s s e d ,  from the  d i r e c t ,  though h igher  energy ,  f r agm enta t ion  

channel CrOgC^ CrOg + C l^ • I m p l i c i t  in  t h i s  d i s c u s s io n  i s  the  

assumption t h a t  i n f r a r e d - l a s e r  pumping o f  th e se  fragments e v e n tu a l l y  

d r iv e s  them to  f l u o r e s c e n t  l e v e l s ,  i . e . ,  an energy reg ion  where an IER- 

type process  can occur .

A novel p ro c e ss ,  invo lv ing  c o l l i s i o n l e s s  V-E energy t r a n s f e r

fo l lowing CC^-laser e x c i t a t i o n ,  has been desc r ibed  in the  p re s e n t  work.

I t  has been shown t h a t  the  p a ren t  f lu o re sc en c e  induced in  CrOgCl^ can

be d e sc r ib ed  w i th in  the  c u r r e n t  t h e o r e t i c a l  framework o f  MPA with  the

a d d i t i o n a l  i n t e r p r e t a t i o n  o f  IER. Moreover, though t h i s  molecule  was

p a r t i c u l a r l y  s u i t e d  fo r  th e se  exper im en ts ,  i t  i s  be l ieved  t h a t  CrO^Cl,,

i s  only  one o f  a family  o f  molecules  where V-E energy convers ion can

be d e tec te d  as pa ren t  em iss ion .  Indeed, any polyatomic molecule

posse ss ing  a reasonab le  a b so rp t io n  c r o s s - s e c t i o n  to  a CO2 TEA l a s e r ,

a r e l a t i v e l y  low -ly ing  e x c i t e d  e l e c t r o n i c  s t a t e  and a ground s t a t e
4 8 *1le v e l  d e n s i t y  o f  10 to  10 /cm in  the  neighborhood o f  th e  e x c i t e d  

s t a t e  may be a can d id a te  fo r  MPA-induced p a ren t  f lu o r e s c e n c e .  Work in 

p rogress  a t  severa l  l a b o r a t o r i e s ,  in c lud ing  o u r s ,  i s  d i r e c t e d  towards

conf irming t h i s  p r e d i c t i o n .

Because a l l  the  exper imental  work and most o f  th e  w r i t i n g

presen ted  up to  t h i s  po in t  were completed th r e e  y ea r s  ago, i t  seems 

a p p r o p r i a t e  to  b r i e f l y  mention new re sea rch  r e l e v a n t  t o  th e  p re sen t  

s tu d y .  Paren t  f l u o r e s c e n c e ,  as  a l r e ad y  mentioned, has a l s o  been 

a sc r ib e d  to  o th e r  m olecu lar  systems undergoing mul t ipho ton- induced
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emission (2 3 ,2 4 ,2 5 ) .  A d d i t i o n a l ly ,  th e  heightened i n t e r e s t  in  t h i s  

process  has r e s u l t e d  in some co n t ro v e rsy .  Regarding Cr02Cl2 in 

p a r t i c u l a r ,  one s tudy  (35) performed with tw o-co lo r  e x c i t a t i o n ,  

e l e c t r o n i c  with  a f requency-doubled  Nd:Yag l a s e r  a t  532 nm followed 

by C02- l a s e r  r a d i a t i o n ,  In d ic a te d  t h a t ,  fo llowing o p t i c a l  e x c i t a t i o n ,  

the  molecule undergoes a r a d i a t i o n l e s s  decay i n to  h ig h - ly in g  v ib r a t i o n a l  

l e v e l s  o f  th e  ground s t a t e .  From these  l e v e l s ,  non-resonan t  abso rp t io n  

o f  C02~ l a s e r  photons can take  p lace  le ad in g  to  em is s ion .  The au thors  

do not address  the  q ues t ion  o f  the  o r i g i n  o f  the  luminescence and , 

given the  r e l a t i v e l y  high p re s su re s  {> 20 mtorr)  and the  long delays  

(> 1 psec)  between the  two l a s e r s ,  c o l l i s i o n s  probably played an 

impor tant  r o l e .  A d d i t i o n a l l y ,  i t  i s  l i k e l y  t h a t ,  a t  the  C02 f luences  

used,  c o n s id e ra b le  d i s s o c i a t i o n  took p lace  and most ,  i f  not a l l ,  the  

luminescence o r i g i n a t e d  from daughter  s p e c i e s .

The c o n t ro v e rsy  over p a ren t  f lu o rescen ce  and th e  IER formalism 

has g e n e r a l ly  su r faced  a t  meetings o r  via  p r i v a t e  communications.  One 

s tu d y ,  however,  by Watson, e t  al  (36) seemed to  show co nv inc ing ly  t h a t  

the  emission o f  C02- l a s e r  e x c i t e d  Cr02Cl2 in  a molecular  beam was o v e r ­

whelmingly due to  f ragments .  This conclus ion  was der ived  from th e  

re so lved  angu la r  d i s t r i b u t i o n  o f  the  e m i t t in g  s p e c i e s .  A c tu a l l y ,  t h a t  

product luminescence predominated was not  unexpected s i n c e ,  a t  th e  high 

f luence  (100 J/cm2 ) used by Watson, e t  al  (3 6 ) ,  our s tudy  a l s o  p r e d i c t s ,  

o r  a t  l e a s t  im p l i e s ,  t h i s  r e s u l t .

In a r e c e n t  r e p o r t  by Ruhman and Haas (3 7 ) ,  the  Cr02Cl2 C02- l a s e r  

induced emission was examined with emphasis on th e  e f f e c t  o f  i n e r t  

gases on the  y i e l d  and branching r a t i o  o f  “blue" and "red" s i g n a l s .

The i n t e r e s t i n g  p o s s i b i l i t y  o f  a r o t a t i o n a l  b o t t l e n e c k  in  th e  q u a s i ­

continuum i s  r a i s e d  by t h e i r  f i n d i n g s .  Although th e se  au th o rs  do not 

i d e n t i f y  th e  e m i t t i n g  s p e c i e s ,  they  do conclude t h a t  the  blue
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luminescence a r i s e s  from a d i f f e r e n t  and more endoergic  spec ie  than 

t h a t  e m i t t i n g  in  the  r e d .  Addit ion o f  f o r e ig n  gases and an in c re a se  

in pu lse  energy enhance the  blue s igna l  more than th e  longer-wavelength  

one.  Other r e s u l t s  ob ta ined  comparing d i f f e r e n t  pu lse  shapes a re  

s i m i l a r l y  c o n s i s t e n t  with those  o f  the  p re sen t  work.

Bloembergen and co-workers  (3 8 ) ,  us ing a r e l a t i v e l y  novel t im e -o f -  

f l i g h t  t e ch n iq u e ,  have s y s t e m a t i c a l l y  analyzed the  mult i  photon-induced 

luminescence o f  CrO^Cl^- A d d i t i o n a l ly ,  by comparing t h i s  emission with 

t h a t  induced by a frequency-doubled ruby l a s e r  (347 nm) preced ing  low 

f luence  CO g-rad ia t ion ,  they  were ab le  to  a s c e r t a i n  under what co n d i t io n s  

the  emission was due to  photofragments .  S ince ,  a t  high C02- l a s e r  

f l u e n c e s ,  the  w aveleng th- reso lved  luminescence mimicked t h a t  us ing two- 

c o lo r  e x c i t a t i o n ,  they  concluded, in  agreement with our and Watson's 

r e s u l t s ,  t h a t  th e  emission o r i g i n a t e s  from daughter  s p e c i e s .  This 

blue-peaked emission  must o r i g i n a t e  from fragments s in ce  347-nm 

r a d i a t i o n  i s  expected to  d i s s o c i a t e  Cr02Cl2 with  u n i t  quantum e f f i c i e n c y  

(22) .  With,  e x c l u s i v e l y ,  low f luence  C02 i r r a d i a t i o n  o f  CrOgClg, the  

emission spectrum, as expec ted ,  resembles the  pub l ished  s in g le -p h o to n  

f lu o rescen ce  spectrum (2 ,2 0 ) .  A d d i t i o n a l ly ,  t h i s  very red i n f r a r e d -  

l a s e r  induced emiss ion could not be reproduced with the  tw o-co lo r  

e x c i t a t i o n .

Fur the r  suppor t  fo r  the  f lu ence-dependen t  dual source  o f  the  

em is s ion ,  Cr02Cl2 and Cr02C l , was ob ta ined  by th e se  workers us ing  

t i m e - o f - f l i g h t  measurements. The ir  r e s u l t s  show t h a t  the  red  luminescence 

decay matches t h a t  o f  room tempera ture  Cr02Cl2 , whereas the  blue 

luminescence i s  only c o n s i s t e n t  with e i t h e r  Cr02Cl2 a t  a much h ighe r  

t e m p e ra tu re ,  about the  430 K range ,  o r ,  more l i k e l y ,  to a fragment such
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as CrOgCl. A d d i t i o n a l ly ,  they found evidence t h a t ,  a t  high f luence  

(> 20 J/cm ) ,  a t h i r d  s p e c i e ,  probably  CrO^* begins  to  luminesce in  the  

red p o r t i o n  o f  the  spectrum.

During the  per iod  o f  t ime under d i s c u s s io n ,  the  p re sen t  au tho r  was

employed by L . I .C .  I n d u s t r i e s ,  Inc .  Since my work involved l a s e r - r e l a t e d

techno logy ,  I was f o r t u n a t e  to have access  to  a CÔ  l a s e r  and to  an

unders tanding  boss;  t h i s  combination gave me an o p p o r tu n i ty  to perform

a few exper im en ts .  The commercial Lumonics-103 TEA COg l a s e r  used was

capable  o f  producing pu lses  with as much as 15 Jou les  o f  energy .  More

im p o r ta n t ly ,  by excluding  from the  l a s i n g  m ix tu re ,  pu lses  d e l i v e r i n g

1 Joule  in approximate ly  60 nsec were r o u t i n e l y  ob ta ined  using the  high

members o f  the  R-branch 10.6 y t r a n s i t i o n .  Such a l a s e r ,  coupled with a
-5c e l l  and vacuum system t h a t  could be evacuated to  10 t o r r  y ie ld e d  

reasonab le  CrOgClg emission s ig n a l s  a t  low p r e s s u r e s .  The r e s t  o f  the  

exper imental  s e t - u p  was b a s i c a l l y  the  same as t h a t  desc r ibed  before  

with the  fo l lowing m o d i f i c a t i o n s .  The c e l l  used was 39 in. long and 2 in. 

in d iam e te r .  A t r a n s v e r s e  flow o f  CrO^Clg. pe rp en d icu la r  to  the  l a s e r  

a x i s ,  was s e t  up a t  approximate ly  16 in .  from the  en t rance  window. Under 

th e se  c o n d i t i o n s ,  f r e s h  CrOgCl^ sample was i n s u r e d ,  the  NaCl windows were 

very f a r  from the  sample and from the  e x c i t a t i o n  re g io n —thereby  

e l i m in a t in g  the  p o s s i b i l i t y  o f  window f lu o r e s c e n c e —and luminescence 

quenching a t  the  c e l l  w a l l s  was minimized. A 22-inch focal leng th  

m i r ro r  was used to  s o f t - f o c u s  the  l a s e r - r a d i a t i o n .  The m ir ro r  was 

placed immediately in  f r o n t  o f  the  c e l l ,  the reby  producing a beam o f  

f a i r l y  uniform f luence  w i th in  the  r e l a t i v e l y  l a r g e ,  compared to  

prev ious  exper im en ts ,  rad ia tion-CrOgCl^  i n t e r a c t i o n  volume. The 

luminescence was observed p e rp e n d icu la r  to  both the  CrC^Clg flow and 

the  l a s e r  a x i s .  A focusing  lens  was used to  d i r e c t  the  emission in to



the  en t rance  s l i t  o f  a monochromator and, as u s u a l ,  d e t e c t io n  was

accomplished with  a pho to tube ,  and the  s ig n a l s  were d i sp layed  on a

Tektronix  7704 o s c i l l o s c o p e .  When a p p r o p r i a t e ,  th e  monochromator was

rep laced  by l a s e r  f i l t e r s ,  as be fo re .

F i r s t l y ,  i t  was r e e s t a b l i s h e d  t h a t ,  a t  low p re s su re s  (below a few
-4mtorrs  and as low as 10 t o r r )  and low f lu e n c e s ,  the  s igna l  i s  very red .  

As e i t h e r  o f  th e se  parameters  was in c r e a s e d ,  broadening to  the  b lu e ,  as 

expec ted ,  was observed .  However, perhaps the  most s u r p r i s i n g  r e s u l t s  

t h a t  had been p resen ted  were the  long l i f e t i m e s  observed.  The experiments 

a t  L . I .C .  confirmed and extended these  d a t a .  S tud ies  o f  f luo rescence
Q

decay r a t e s ,  a t  6328 A, as a func t ion  o f  CrOgClg p res su re  confirmed the  

p rev io u s ly  ob ta ined  Stern-Volmer s lope  in th e  range o f  10^ s e c ~ ^ t o r r " \
O O

S i m i l a r l y ,  a t  5300 A and 4000 A, the  quenching r a t e  c o n s ta n t s  ob ta ined  

were o f  the  same o rde r  o f  magnitude as t h a t  o f  th e  p a r e n t ' s  emiss ion .

As a l re ad y  mentioned in  the  D iscuss ion ,  t h i s  r e s u l t  i s  c o n s i s t e n t  with 

luminescence d e a c t iv a t io n  e f f e c t e d  by the  cold  bath o f  C ^ C l g  molecules 

p re sen t  in l a r g e  excess .  S im i la r  f in d in g s  have been ob ta ined  by o th e r  

workers (38 ,40 ) .  I n t e r e s t i n g l y ,  th e se  experiments y ie ld ed  an ex t rapo -
O

l a t e d  monomolecular l i f e t i m e  o f  th e  6328 A s igna l  in the  neighborhood
O

o f  250 y s e c .  The 5320 A s igna l  d isp layed  an even l a r g e r  decay t im e - -
O

perhaps as long as 350 y se c - -w h e re a s , most h e s i t a n t l y ,  the  4000 A 

c o l l i s i o n l e s s  decay t ime should be on th e  o rd e r  o f  100 y s ec .  These 

va lues  a re  in general  agreement with the  250 usee and 160 ysec l i f e ­

t im e s ,  r e s p e c t i v e l y ,  ob ta ined  fo r  the  red emission  by Burak and Tsao 

(4 0 ) ,  and by th e se  au thors  and Bloembergen in  a subsequent r e p o r t  (38) .

The l a t t e r  group a l so  ob ta ined  a value o f  35 ysec f o r  th e  l i f e t i m e  o f  

the  blue luminescence.  S i m i l a r l y ,  Watson, e t  al  found t h a t  t  was



> 75 usee (36) and 250 usee (41) ,  a l though i t  i s  not c l e a r  i f  the  

l i f e t i m e s  a re  fo r  the  t o t a l  o r  the  r e so lved  emiss ion .  I t  i s  im por tant 

to  note  t h a t  the  decay r a t e s  a re  not only  c e l l  dependent because o f  

wall  c o l l i s i o n s ,  b u t ,  as we found e x p e r im e n ta l ly ,  vary with  th e  l eng th  

o f  the  e x c i t i n g  l a s e r  p u l s e .  I n t e r e s t i n g l y ,  d e t a i l s  about th e  IER 

mechanism may be a s c e r t a in e d  by s tudy ing  the  wavelength and t ime

dependence o f  the  emission as a fu n c t io n  o f  pu lse  len g th  or  perhaps with

a v a r i a b l e  delay  between two sh o r t  l a s e r  p u l s e s .

This s u b sec t io n  has h ig h l ig h te d  the  ongoing re sea rch  on the  COg-laser

MPE-induced emiss ion o f  C r t ^ C ^  s in ce  the  work was f i r s t  r e p o r t e d .

The phenomenon o f  c o l l i s i o n l e s s l y  promoted emission and p a r t i c u l a r l y  

p a ren t  f lu o rescen ce  has been v e r i f i e d  in  t h i s  and in  o t h e r  sys tems .  The 

long l i f e t i m e s  observed ,  we b e l i e v e ,  a re  a general  r e s u l t  t h a t  i s

e x p la in ab le  and, a t  l e a s t ,  q u a l i t a t i v e l y  p re d ic ted  by the  ground s t a t e

mode o f  e x c i t a t i o n  to g e th e r  with the  V-E energy coupl ing  necessa ry  to 

e f f e c t  emiss ion .  The ex ac t  d e t a i l s  o f  th e  p ro c e s s ,  whether exp la ined  

by the  IER or  o th e r  t h e o r i e s ,  must awai t  f u r t h e r  ex p e r im en ta t io n .  With

the  advent o f  f a s t e r  l a s e r  p u l s e s ,  b e t t e r  f lu o rescen ce  d e t e c t i o n

equipment,  and new in f r a r e d  l a s e r  so u rc e s ,  the  f i n e  po in t s  o f  both the  

mult iphoton a b so rp t io n  and the  induced luminescence p rocesses s  may very 

well  be a s c e r t a i n e d .  A d d i t i o n a l ly ,  one s u s p e c t s ,  some unexpected r e s u l t s  

w i l l  a l s o  be forthcoming.
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