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C H E M I L U M I N E S C E N T  CHANNELS OPENED BY PHOTON A B S O R P T I O N  D U R I N G  

R E A C T I V E  C O L L I S I O N S  

Ph. R. Brooks, R.F. Curl and T.C. Maguire 

Department of Chemistry and Rice Quantum Ins t i t u t e ,  
Rice University, Houston, TX 77251,  U.S.A. 

Resum6 - Des lasers sont utilises pour sonder les especes transitoires qui 
existent pendant que les partenaires de r6action se transforment en produits 
de reaction dans une reaction chimique. Des faisceaux mol6culaires de K et 
NaCl se croisent B l1int6rieur de la cavite d'un laser h colorant continu et 
les photons absorb6s par les esp&ces transitoires permettent d'ouvrir la voie 
"chimi-luminescente" conduisant 2 la formation de KC1 et ~ a * .  

Abstracr - Lasers a re  used t o  probe the t r a n s i e n t  species  which e x i s t  as  
reagents a r e  transformed i n t o  products i n  a chemical react ion.  Molecular beams 
of reagents K and NaCl a r e  crossed within t h e  c a v i t y  of a cw dye l a s e r  and pho- 
tons absorbed by the  t rans ien t  species  a r e  used t o  open the chemiluminescent 
channel t o  KC1 and ~ a * .  

I. Introduct ion 

Col l i s ions  between atoms a r e  usual ly described i n  terms of the p o t e n t i a l  energy 
between the atoms, and one can frequent ly ca lcu la te  o r  experimentally determinc the 
p o t e n t i a l  energy curve a s  a funct ion of in te rnuc lear  separation. Numerous examples 
of such po ten t ia l  curves can be found i n  o ther  a r t i c l e s  i n  t h i s  volume, and t h e i r  
u t i l i t y  i n  in te rpre t ing  diverse phenomena can be seen from a perusal of these a r t i -  
c les .  

Chemically reac t ive  c o l l i s i o n s ,  on the other  hand, a r e  much more complicated. 
F i r s t ,  the simplest reac t ion  involves an atom reac t ing  with a diatomic molecule, 

which i s  a th ree  (or more) body problem. The choice of coordinate system i s  
complicated by the f a c t  t h a t  the f i n a l  system d i f f e r s  from the i n i t i a l  system. For 
the "simple" system of reac t ion  I, the po ten t ia l  energy w i l l  depend upon the 
dis tance between each p a i r  of atoms, rm, .rBc,  and ZAC. The po ten t ia l  energy i s  
thus  a surface i n  four  dimensional space whxch is  d i f f i c u l t  t o  imagine. I n  order  t o  
s implify ca lcu la t ions  and provide a conceptual b a s i s  f o r  discussion, one frequent ly 
discusses  c o l l i n e a r  reac t ions ,  where, fo r  example, the atoms of reac t ion  1 are  
confined t o  a l i n e .  The po ten t ia l  energy for  the system then depends on only two 
d i s tances ,  rm and rgc and contour p l o t s  can be used t o  describe the system. 

The general form such a contour p l o t  takes i s  shown i n  Fig. 1 which i s  q u a l i t a t i v e l y  
s imi la r  t o  the po ten t ia l  energy surfaces (PES) ca lcu la ted  by Eyring and h i s  
co-workers i n  the 1930's. I n  the asymptotic entrance or e x i t  channels, the canyon 
i n  c ross  sec t ion  i s  j u s t  the p o t e n t i a l  curve f o r  a diatomic molecule. As the 
reagents  approach one another, considerable i n t e r a c t i o n  d i s t o r t s  the  simple diatomic 
molecules and the  po ten t ia l  energy may r i s e  t o  a col before descending in to  the 
product canyon. The well shown i n  Fig. 1 o r i g i n a l l y  appeared a s  an a r t i f a c t  of the 
ca lcu la t ion  f o r  8 + 8, d 82 + 8. and while it i s  known t h a t  no wel l  e x i s t s  f o r  
B + 8%.  rgact ions such as  8 + 08 + H z  + 0 can c l e a r l y  have very deep wel l s  cor- 
responding t o  s t rongly bound s tab le  molecules. The path of minimum poten t ia l  
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energy, shown a s  a dashed carve i n  Fig. 1, is presumed t o  describe the gross  
behavior of the system and t h e  p o t e n t i a l  energy p lo t ted  versus dis tance along t h i s  
"reaction coordinate" i s  shown schematically i n  Fig. 2 .  P l o t s  of t h i s  type a r e  used 
i n  q u a l i t a t i v e  d i scuss ion  of chemical react ions,  but one must bear i n  mind t h a t  
p l o t s  such as Fig. 2 represent  a special  two-dimensional cu t  through a surface of a t  
l e a s t  four  dimensions. 

Fig. 1 Fig. 2 

Fig. 1. Poten t ia l  energy contour p l o t  (schematic) f o r  c o l l i n e a r  reac t ion  of A with 
BC. Dashed l i n e  corresponds t o  minimum energy path. 

Fig. 2. Po ten t ia l  energy E. reac t ion  coordinate (dis tance along dashed l i n e  of 
Fig. 1) f o r  co l l inear ,  thermoneatral reac t ion  of A with BC. Region near  top of bar- 
r i e r  corresponds t o  nuclear configurat ions which a r e  ne i ther  reagent nor product and 
a r e  denoted as  "reaction complexes" o r  " t rans i t ion  s ta tes . "  

The time evolut ion of a chemical system across  the PES i s  a problem of fundamental 
i n t e r e s t  t o  chemistry. Experimentally, of coarse, reac t ions  do take place, and a 
g r e a t  deal  has been learned about these processes by measuring the r a t e  of evolut ion 
from reagents t o  products. Molecular beam and l a s e r  techniques has made possible  
s t a t e - t e s t a t e  chemistry, the  study of how individual quantum s t a t e s  of the  reagents  
a f f e c t  r e a c t i v i t y  and of how the products a r e  d i s t r i b u t e d  among d i f f e r e n t  possible  
f i n a l  s t a t e s .  But these techniques examine the asymptotic s t a t e s  of the system. 
The region of the PES of g rea tes t  i n t e r e s t  near the col  i s  only i n d i r e c t l y  sampled. 
Theoret ical  treatment of the time evolut ion is  very d i f f i c u l t  because the dynamics 
( e i t h e r  c l a s s i c a l  or quanta11 of the system are  very sens i t ive  t o  the precise 
d e t a i l s  of the surf  ace, espec ia l ly  near the corner. 

In  order  t o  provide d i r e c t  information about c r n c i a l  regions of the  PES, we have 
t r i e d  t o  spectroscopical ly in te r roga te  chemically reac t ive  systems i n  the few 
picoseconds during the course of the r e a c t i o n  where the system is  between reagents  



and products. I n  t h i s  region one has ne i ther  reagents  nor products but r a t h e r  a  
system i n  which old bonds a r e  being broken and new bonds a r e  being formed. We use 
the term "reaction complex" or " t rans i t ion  s t a t e "  t o  denote these molecular 
configurations. As suggested i n  Pig. 2 ,  t h i s  region i s  expected t o  encompass many 
nuclear  configurations, and i s  expected t o  be r a t h e r  short  l ived.  

11. Ex~er imenta l  Considerations 

There a r e  b a s i c a l l y  three problems associated with studying these reac t ion  
complexes: formatiqg of the reac t ion  complex; de tec t ion  of the reac t ion  complex of 
i t s  l i g h t  absorption; and i n t e r ~ r e t u  of the r e s u l t s .  We s h a l l  discuss  the f i r s t  
two problems here and the  l a s t  i n  the  discussion sect ion.  

Fotmation of the reac t ion  complex i s  expected on a t  l e a s t  each react ive event,  but 
the  concentrat ion of complexes which can be obtained i s  expected t o  be very low as  
experimental estimates f o r  the "lifetimes" of such reac t ion  complexes a r e  typ ica l ly  
< 1 ps. Further ,  t h i s  concentrat ion i s  determined i n  steady s t a t e  by the competi- 
t i o n  between the  r a t e  of formation of the complex and i t s  r a t e  of decomposition. 
Thus reac t ions  which occur on every c o l l i s i o n  a r e  most des i rab le  i n  terms of produc- 
ing a  high concentrat ion of reac t ion  complexes. This precludes carrying out the 
reac t ion  i n  some s o r t  of c e l l  as, even i f  the formidable problem of mixing the 
reagents were solved, the reac t ion  would be complete on a  very short  time scale .  To 
solve the problem of mixing the  reagents, the method of crossed molecular beams was 
adopted. This a l s o  has the advantage of e l iminat ing some possible  a r t i f a c t s ,  such 
as  wall  react ions.  

The number of reac t ion  complexes exci ted i s  expected t o  be low. /I/ Detect ing exci- 
t a t i o n  of the  reac t ion  complex i s  thus q u i t e  a  non-tr ivial  assignment even with the 
high photon f luxes obtainable with Zrsers, and even i f  the t r a n s i t i o n  probabi l i ty  
f o r  exc i t ing  the complex i s  high. As the best  chance f o r  accomplishing th i s .  we 
therefore decided t o  search f o r  a  chemical reac t ion  i n  which a  luminescing product 
could be formed i f  the reac t ion  complex absorbed l i g h t ,  

where A and B a r e  generalized reagents  (atoms or  molecules); [ABJ' i s  the reac t ion  
complex, or t r a n s i t i o n  s t a t e ;  C and D a r e  generalized products; and the  a s t e r i s k  
denotes e l e c t r o n i c  exc i ta t ion .  gxc i ta t ion  of the reac t ion  complex would thus be 
detected by observing emission of C . [Weiner and colleagues 121 bave pursued the 
o ther  a t t r a c t i v e  opt ion for  solving the  de tec t ion  problem and a r e  carrying out 
s i m i l a r  experiments involving chemi-ionization i n  which the detected species  i s  C+.I 

I n  order  t o  d i s t inguish  the e x c i t a t i o n  of the reac t ion  complex from the much more 
l i k e l y  processes involving d i r e c t  photon exc i ta t ion  of e i t h e r  the reagents o r  the 
products the e x c i t a t i o n  wavelengths must be chosen t o  avoid exc i t ing  any s t a t e  of 
the reagents  o r  products. I n  add i t ion  it i s  most des i rab le  t o  have the emission 
wavelength blue-shifted from the e x c i t a t i o n  wavelength i n  o rder  t o  discr iminate  
against  energy t r a n s f e r  processes involving minor contaminants of the molecular 
beams. This can be arranged by having the  exoergici ty  of the reac t ion  supply the 
energy defect  between the energy of the e x c i t a t i o n  photon and the energy of the 
emitted photon. 

I n  order  to  ca r ry  out the  experiment most e f f i c i e n t l y  one wishes t o  maximize 
the number of C* species  formed i n  the time ava i lab le  f o r  observation. The l i fe t ime  
of the reac t ion  complexes i s  so short  t h a t  power sa tura t ion  i s  not expected a t  
moderate photon i n t e n s i t i e s ,  and the r a t e  of reac t ion  (2) i s  expected t o  be l i n e a r  
i n  l a s e r  in tens i ty .  Therefore, the highest  obtainable average l a s e r  power should be 
used. It i s  a l s o  important not t o  use l a s e r s  with high peak powers i n  order  to  
avoid, or a t  l e a s t  minimize, multiphoton processes. Clearly,  cw operat ion provides 
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the  lowest peak power i n  combination with the highest  average power. A t  present  the  
h ighes t  tunable average power i s  obtained i n t r a c a v i t y  i n  a cw dye l a s e r .  

The system selected f o r  the experiments described here i s  

K + NaCl + lrP + ~ a *  + KC1 . 
An energy leve l  diagram i s  shown i n  Fig. 3 f o r  t h i s  system. 

EMISSION 
589 nrn 

Fig. 3 

Fig. 3. Energy leve l  diagram f o r  K reac t ing  with NaC1. I f  a reac t ion  complex were 
t o  absorb l i g h t  with k ( $57 urn the exci ted ~omplex would have enough energy t o  
decompose t o  KC1 and Na . (About 3000 cm- of thermal energy is  a l s o  ava i lab le  t o  
the system and the  observed threshold i s  f u r t h e r  t o  the red. .- 740 nm.) Excited Na 
i s  detected by emission of the D l i n e s  a t  589 nm. 

This reac t ion  meets the  experimental c r i t e r i a  j u s t  s e t  f o r t h :  

(a)  The a c t i v a t i o n  energy i s  low and reac t ion  occurs on each hard sphere c o l l i -  
sion. I n  add i t ion  a complex i s  formed which seems t o  p e r s i s t  f o r  a few ps. 

(b )  The reac t ion  i s  exoergic so blue-shifted chemiluminescence can be observed 
f o r  wavelengths near threshold. 

( c )  No single-photon absorptions a r e  known f o r  the reagents o r  products i n  t h e  
region near the threshold. 

(d)  Beams of a l l  reagents -- chemicals and photons -- can be "easily" 
generated. 

( e )  The threshold photon energy for  the new channel occurs i n  wavelength re- 
gions e a s i l y  accessible  t o  cw dye l a s e r  operation. 

The apparatus i s  more completely described elsewhere 131 and only a b r ie f  summary 
w i l l  be given here:  collimated molecular beams cross  ins ide  the cav i ty  of a cr dye 
l a s e r  ( see  below). Fluorescence from the reac t ion  zone (RZ) is collimated. passed 
through an in te r fe rence  f i l t e r  t o  r e j e c t  wavelengths not resonant with the  



f luoresc ing  spec ies  (and thereby excluding copious amounts of s c a t t e r e d  l a s e r  l i g h t )  
and d e t e c t e d  wi th  a  cooled pho tomul t ip l i e r  operated i n  t h e  pulse-counting mode. The 
c a v i t y  of a  Spec t ra  Physics  Model 375 dye l a s e r  is  extended t o  include t h e  molecular 
beam apparatus  by rep lac ing  t h e  output  coupler  wi th  a  mirror  1.5 m downstream from 
t h e  l a s e r .  Cooled s o l u t i o n s  of Rhodamine 66 and DCM i n  soap s o l u t i o n  a r e  pumped 
wi th  the  514.7 nm l i n e  of a  CR-18 ~ r +  l a s e r .  The dye l a s e r  is not focussed a t  t h e  
RZ, and has  a  diameter of about 2  mm there .  

The molecular beams con ta in  t r a c e  amounts of Na which a r e  exc i t ed  by t h e  (weak) 
spontaneous f luorescence of t h e  dye stream a t  the  D l i n e ,  even i f  t h e  l a s e r  i s  l a s -  
ing a t  f r equenc ies  f a r  from t h e  Na D l i n e .  Therefore ,  f luorescence from t h e  dye 
s t ream a t  the  Na D l i n e s  was removed by a  small  i n t r a c a v i t y  h e a t  p ipe  oven contain- 
ing Na and a  few t o r r  of Argon. The l a s e r  i s  tuned by a  3-pla te  b i r e f r i n g e n t  f i l t e r  
wi th  a  bandwidth - 1.5 cm- . 
The f luoresceuce from t h e  RZ was passed through an i n t e r f e r e n c e  f i l t e r  cen te red  a t  
589.0 nm wi th  a  band pass  of 0.47 nm which passed on ly  t h e  589.0 nm D l i n e .  Some 
l i g h t  i s  emit ted from the  RZ ( s c a t t e r e d  l i g h t ,  photoluminescence, e t c . )  and may 
s t i l l  pass  through the  f i l t e r  f o r  va r ious  beam combinations. I n  o rde r  t o  account 
f o r  these  va r ious  con t r ibu t ions ,  t h e  K and l i g h t  beams were chopped a t  20 and 90 Hz 
r e s p e c t i v e l y ,  and the  NaCl beam was i n t e r r u p t e d  by a  beam f l ag .  A LSI-11 
mini-computer wi th  Camac i n t e r f a c e  was used t o  acqu i re  da ta  i n  a l l  8  beam on-off 
conf igura t ions .  The s i g n a l  of i n t e r e s t ,  t h e  three-beam s i g n a l  (3BS). i s  t h a t  s i g n a l  
which appears on ly  when a l l  t h r e e  beams a r e  on. 

IV. Resu l t s  

Typical  r e s u l t s  f o r  a  counting per iod of about 5  minutes a r e  shown i n  Table I. 
Count r a t e s  a r e  shown f o r  va r ious  elementary s i g n a l  processes  R. jk where i, j ,  k  a r e  
0  o r  1 t o  i n d i c a t e  K, NaCl o r  l a s e r ,  o f f  o r  on, r e spec t ive iy .  These elementary 
r a t e s  a r e  a s s m e d  t o  be a d d i t i v e  so t h a t  the  s i g n a l  observed with  a l l  beams on, Slll 
i s  given by 

Table I 

Count r a t e s  (5  1 o) f o r  o b s e m a t i o n  of NaD r a d i a t i o n  wi th  va r ious  combinations 
of K, NaCl and l i g h t  beams f o r  i r r a d i a t i o n  a t  X = 630 nm. 

- - - - --------- ------------- ------ 

Signal  Origin  Count Rate (s-') 

Roo o  Dark Current  4.2 f 1 
Roo 1 Sca t t e red  Light  23.3 2 2 
Rlo o K Background 0.0 -+ 1 
Ro zo NaCl Background 24.2 f 2 
Rlo 1 K Photoluminescence 146.4 2 5 
Ro 11 NaCl Photoluminescence 29.4 ? 4 
Rlzo Chemiluminescence 0.0 2 3 
R111 3 Beam Signal  (3BS) 559.3 2 13 

The 3BS, R ~ z z ,  i s  p o s i t i v e  and h igh ly  s i g n i f i c a n t  s t a t i s t i c a l l y .  It should be 
emphasized t h a t  t h i s  s i g n a l  i s  p resen t  & when a l l  t h r e e  beams a r e  on. I f  any one 
beam i s  missing. R ~ l l  i s  zero. Th i s  s i g n a l  i s  r e l a t i v e l y  reproducible  /4/ and i s  
p r e s e n t  over a ve ry  wide range of e x c i t a t i o n  wavelengths. Fig. 4  shows t h e  3-beam 
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s igna l  (corrected f o r  d r i f t s  and normalized f o r  comparison between d i f f e r e n t  days) 
versus l a s e r  wavelength. The s c a t t e r  i n  points  does not seem t o  r e f l e c t  spec t ra l  
fea tures ,  but r a t h e r  t o  be due t o  f luc tua t ions  i n  the  i n t e n s i t i e s  of one or more of 
the beams. As suggested i n  Fig. 4,  a  threshold f o r  R,,, i s  observed near  720 nm, 
and preliminary r e s u l t s  f o r  the threshold a r e  shown i n  Fig. 5. 
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Fig. 4 Fig. 5 

Fig. 4. Three beam signal ,  R,,,, versus e x c i t a t i o n  wavelength. Various symbols 
represent  d i f f e r e n t  runs which a r e  normalized t o  one another. Error bars  a r e  5 1 a 
and a r e  shown f o r  various runs. The shaded area represents  the average of d i f f e r e n t  
runs + I cr. 

Fig. 5. Three beam signal ,  R,,,, versus e x c i t a t i o n  wavelength i n  the  region near 
the threshold. Dashed l i n e  i s  f o r  i l l u s t r a t i o n .  

The dependence of R,,, on l a s e r  power i s  shown i n  Fig. 6. The power was monitored 
by de tec t ing  the  v e r t i c a l l y  polar ized l i g h t  t ransmit ted by the "l00k r e f l e c t i n g "  end 
l a s e r  mirror; t h i s  po la r iza t ion  was not proportional t o  the hor izon ta l ly  polar ized 
l i g h t  r e f l e c t e d  from the Brewster windows on the  beam machine. Since the  cav i ty  i s  
spoi led f o r  the horizontal  po la r iza t ion ,  the v e r t i c a l  po la r iza t ion  i s  the  dominant 
po la r iza t ion  i n  the cav i ty  and i s  the  appropriate  s ignal  t o  monitor f o r  the power 
dependence. (When the  wavelength i s  changed, the  v e r t i c a l l y  polar ized component of 
the r e f l e c t i o n  of f  the  Brewster windows i s  monitored because the t ransmission of the 
end mirror depends on wavelength.) The l a s e r  power was changed by e i t h e r  spo i l ing  
the  cav i ty  s l i g h t l y ,  o r  by reducing the ~ r +  pump l a s e r  power. 

'X photoluminescence." R,,,, i s  presumed t o  a r i s e  from K dimers, which a r e  
well-known i n  a l k a l i  metal beams, and t h i s  photolnminescence is q u i t e  large i f  
viewed through a red-pass f i l t e r .  Excited Ka a r e  thus c l e a r l y  formed by the l a s e r ,  
and sequent ial  processes involving K,, such as  

K,* + NaCl 4 ~ a *  + KaCl ( 5 )  

must be considered (although it should be noted t h a t  (6) i s  not energe t ica l ly  open 
unless  two photons a r e  absorbed which is hard t o  c o r r e l a t e  with the observed l i n e a r  
dependence of 3BS on power. Fig. 6. Because of l a c k  of information regarding t h e  
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Fig. 6. Three beam signal ,  Rl,,, versus l a s e r  power. The l i n e  i s  drawn through the 
data. 

bond energies  of KaCl, i t  i s  impossible t o  know i f  (5) i s  energe t ica l ly  open). Sig- 
n a l s  were compared f o r  l a s e r  e x c i t a t i o n  on a Ka bandhead and e x c i t a t i o n  a t  an 
adjacent  minimum. Even though the photoluminescence varied by a fac tor  of 15,  R,,, 
varied by l e s s  than 10%. We conclude t h a t  reac t ion  (5) cannot account f o r  the sig- 
nal we report .  

The 3 beam s igna l  i s  from the fluorescence of Na atoms, presumably those formed i n  a 
chemical react ion.  But both beams contain t race  amounts of Na impuri t ies  and exci- 
t a t i o n  of the impurity Na v i a  sequent ial  energy t r a n s f e r  from an a r t i f a c t  A 

would appear as  a 3 beam signal .  Species A cannot be e i t h e r  K o r  NaCl since no sin- 
g le  photon absorpt ions a r e  known i n  t h i s  wavelength region, nor can it be the K 
dimer since the 3BS i s  independent of d i r e c t  e x c i t a t i o n  of K,. I n  order  t o  r u l e  out 
other ,  unknown. a r t i f a c t  species ,  we performed a u x i l i a r y  experiments on Na + NaCl 
and K + Na i n  which the Na beam was adjusted t o  be comparable t o  Na i n t e n s i t i e s  i n  
the-main experiments. In  both cases  the  chemical reac t ion  K + NaCl i s  removed, ba t  
the  p o s s i b i l i t y  of energy t r a n s f e r  from some impurity i s  s t i l l  present .  No 3BS i s  
observed under these o ther  conditions, and we conclude t h a t  such an a r t i f a c t  source 
can be ruled out.  

Fluorescence i s  observed from the region of the overlap of molecular beams of K and 
NaCl which c ross  inside the cav i ty  of a cw dye lase r .  This fluorescence i s  highly 
s t a t i s t i c a l l y  s i g n i f i c a n t  and a r i s e s  from the emission of an exci ted sodium atom. 
~ a * .  Because of the low d e n s i t i e s  i n  t h e  molecular beams, the  process responsible  
f o r  these s igna ls  most l i k e l y  involves binary molecular c o l l i s i o n s  between species  
from each molecular beam. Wall e f f e c t s  and secondary c o l l i s i o n s  may be ru led  out,  
and we i n t e r p r e t  the  process responsible  f o r  these s igna ls  a s  the  l a s e r  ass i s ted  
reac t ion  

K + NaC1 + U -+ KC1 + ~ a *  (3) 
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Our i n t e r p r e t a t i o n  i s  based on the following experimental observations: 

(a )  The s ignal  occurs only when a l l  three reagents a r e  present.  A l l  one- and 
two-beam contr ibut ions t o  the  s ignal  (e.g., dark current ,  sca t te red  l i g h t  
o r  photoluminescence, e tc . )  have been subtracted from the raw signal .  

( b )  The s ignal  i s  l i n e a r  i n  l a s e r  i n t e n s i t y  which suggests t h a t  only one photon 
i s  responsible  f o r  t h i s  process. 

( c )  No s ing le  photon absorpt ions a r e  known i n  t h i s  wavelength range f o r  e i t h e r  
the  reagents (K, NaCl) o r  the products (Na, KC1). 

( d l  The s ignal  i s  due t o  fluorescence a t  the Na D l i n e  and i s  assumed t o  be due 
t o  Na . 

( e )  The s ignal  (emission of ~ a * )  i s  observed over a  wide range of exc i t ing  
wavelengths. This emission i s  blae sh i f ted  from the  exc i t ing  l i g h t .  

( f )  The s igna l  i s  l i n e a r  i n  NaCl i n t e n s i t y  and appears t o  be l i n e a r  i n  K inten- 
s i t y .  

Observation of reac t ion  (3) i s  cons i s ten t  with a l l  of these observations. We have 
not been ab le  t o  th ink  of any o ther  process which i s  cons i s ten t  with a l l  of the 
experimental fac t s ,  and we conclude t h a t  we have observed the lase r -ass i s ted  reac- 
t i o n  

K + NaCl + Id -+ KC1 + ~ a *  (3) 

The reac t ion  exoergici ty  can provide the energy required f o r  the blue-shifted emis- 
sion, and energy balance requires  

where ei and et denote in te rna l  energy and t r a n s l a t i o n a l  energy respect ively,  primes 
denote reac t ion  products, *L i s  the frequency of the l a s e r ,  690' is the  difference 
i n  d i ssoc ia t ion  energies  of products and reagents, (1750 2 1000 cm-') and eb i s  the 
energy of the Na D l i n e  (16,970 cm-'1. The threshotd l a s e r  energy w i l l  occur when 
(8: + e i )  - 0, so (Id ) = egl- ( e .  + e t )  - ADo . (ei + e ) can be approximated 
by the  thermal energy! f l f f h  cm so  b L )  threshold = 11,870 1000 cm- +80 It = 840 -70 nm. The experimental threshold a t  740 nm i s  cons i s ten t  with t h i s  value 
because it  i s  un l ike ly  t h a t  a l l  of the  thermal energy can be u t i l i z e d  i n  the blue 
s h i f t .  (Rotat ional  energy of the diatomic is  l i k e l y  t o  be roughly constant t o  
conserve t o t a l  angular momentum. f o r  example. ) 

I n  the  absence of l a s e r  l i g h t ,  crossed molecular beam experiments 151 have been 
shown t h a t  the ground s t a t e  reac t ion  

K + NaCl -+ [ K N ~ C ~ I '  ir KC1 + Na (9) 

proceeds on nearly every hard-spherg co l l i s ion .  The angular d i s t r i b u t i o n s  of the 
products shows t h a t  a  complex, [KNaCll . i s  formed which p e r s i s t s  f o r  a  few rota- 
t i o n a l  periods. Pseudopotential ca lcu la t ions  161 f o r  the KNaCl e l e c t r o n i c  surface 
suggest a  bound wel l  i n  t h e  ground s t a t e  about 4500 cm-' deep for  bent geometries 
and c l a s s i c a l  t r a j e c t o r y  ca lcu la t ions  171 on t h i s  surface suggest t h a t  most reac t ion  
occurs through t r i angula r  complexes with l i f e t i m e  2 - 3 psec. Thus, while reac t ion  
(3) can be considered a s  a  simultaneous three-body c o l l i s i o n ,  we p r e f e r  t o  regard 
reac t ion  (3) a s  a  reac t ion  i n  which the reac t ion  complex, o r  t r a n s i t i o n  s t a t e ,  i s  
exqi ted by a  photon: 



We thus  view t h i s  process  a s  a "s t icky c o l l i s i o n " ,  followed by a conventional l i g h t  
absorp t ion  process.  ( A t  t he  power l e v e l s  used, - 3 k~/cm' ,  t h e  l a s e r  presumably 
probes t h e  e l e c t r o n i c  p o t e n t i a l  energy su r face ,  whereas much h igher  i n t e n s i t i e s  a r e  
r equ i red  be fo re  t h e  l a s e r  could p e r t u r b  those surf  aces.  ) The absorp t ion  process  
d i f f e r s  from t h a t  which occurs i n  conventional spectroscopy i n  more important ways, 
however. E l e c t r o n i c  t r a n s i t i o n s  a r e  l i k e l y  t o  occur from a wide range of nuc lea r  
conf igura t ions  (a  l a r g e  a rea  on t h e  ground PES), r a t h e r  than from a few well-defined 
nuc lea r  conf igura t ions  a s  i n  conventional absorp t ion  spectroscopy. This  comes about 
f o r  seve ra l  reasons. F i r s t ,  t h e  r e a c t i o n  complex (absorbing s p e c i e s )  has a very 
s h o r t  l i f e t i m e ,  and second, t h e  complex w i l l  sample many d i f f e r e n t  nuc lea r  
conf igura t ions  a s  i t  e v o b s  from reagen t s  t o  products.  Third ,  the  complexes a r e  
formed wi th  a l a r g e  d i s t r i b u t i o n  of ene rg ies  and angular  momenta. Thus these  
experiments do not probe a s i n g l e  po in t  on the  PES ( 'The" t r a n s i t i o n  s t a t e  cor- 
responds exper imental ly  t o  a range of nuc lea r  conf igura t ions . )  

The spectrum r e f l e c t s  t h e  energy d i f f e r e n c e  between t h e  upper and lower PES f o r  the  
system. Several  g e n e r a l i t i e s  I81 can be expressed. I f  the  system spends more time 
i n  a small r eg ion  of t h e  PES, the  spectrum would be expected t o  d i s p l a y  a maximum a t  
wavelengths corresponding t o  t h e  s e p a r a t i o n  between t h e  su r faces  f o r  the  confinement 
region.  Likewise, i f  t he  su r faces  a r e  ' b a r a l l e l "  over  a range of conf igura t ions ,  a 
d i f f e r e n t  type of maximum would be obta ined a s  a r e s u l t  of many conf igura t ions  being 
capable  of absorbing photons of e s s e n t i a l l y  t h e  same wavelength. 

Although t h e  signal-to-noise so f a r  i s  i n s u f f i c i e n t  t o  be c e r t a i n ,  the  experimental 
spectrum does no t  seem t o  e x h i b i t  any fea tu res .  It i s  p o s s i b l e  t h a t  t h e  very high 
e f f e c t i v e  "temperatures" of t h e  complexes which would average out any such fea tu res .  
It is  a l s o  p o s s i b l e  t h a t  the  PES a r e  of t h e  wrong s e l e c t i v e  s lopes  f o r  t h e  format ion 
of s t r u c t u r e .  Fig.  7 shows a s e c t i o n  of t h e  f i r s t  t h r e e  c o l l i n e a r  PES ob ta ined  from 
pseudopotent ia l  c a l c u l a t i o n s  by Roach and Child. 161 For the  180° approach (col-  
l i n e a r )  t h e r e  i s  no we l l  i n  t h e  ground su r face ,  bu t  f o r  bent  geometries a w e l l  
appears;  changes a r e  a l s o  expected f o r  the  exc i t ed  s t a t e s  i n  bent  geometries.  The 
ground and exc i t ed  s t a t e  curves a r e  r a t h e r  d i s s i m i l a r  and i t  seems l i k e l y  t h a t  an 
o p t i c a l  t r a n s i t i o n  would r e s u l t  i n  a f a i r l y  wide absorp t ion  band because the  
Franck-Condon t r a n s i t i o n  p r o b a b i l i t i e s  a r e  expected t o  be r e l a t i v e l y  cons tan t  (and 
r e l a t i v e l y  smal l )  over  a wide range of wavelength. 

These experiments demonstrate t h a t  d i r e c t  spec t roscop ic  obse rva t ion  of a system i n  
t h e  p rocess  of chemical r e a c t i o n  i s  poss ib le .  What have we learned and what d i r ec -  
t i o n  should f u t u r e  work take? F i r s t ,  i n  terms of t h e  p a r t i c u l a r  r e a c t i o n  s tud ied  
he re ,  the  e n t i r e  p i c t u r e  i s  c o n s i s t e n t  q u a l i t a t i v e l y  wi th  t h e  n a t u r e  of ground and 
lowest exc i t ed  p o t e n t i a l  curves  of Roach and Chi ld  which have ve ry  d i f f e r e n t  shapes 
and would t h e r e f o r e  be expected t o  give  r i s e  t o  a broad spectrum. Also because the  
exc i t ed  s t a t e  and ground s t a t e  curves a r e  r e l a t e d  by an avoided c ross ing  between two 
d i f f e r e n t  k inds  o f  i o n i c  curves ,  it i s  reasonable  t o  expect a ve ry  l a rge  e l e c t r o n i c  
d i p o l e  t r a n s i t i o n  moment. Th i s  is  a t  l e a s t  reassur ing.  Experimentally,  it i s  logi-  
c a l  t o  i n v e s t i g a t e  some s i m i l a r  systems such a s  Rb + NaCl i n  o rde r  t o  look f o r  
sys temat i c  changes. The p u r s u i t  of s t r u c t u r e  i n  t h e  spectrum could be advanced by 
using r e a c t a n t  beams cooled by supersonic  expansion i n  o rde r  t o  remove thermal 
energy from the reagents .  A i n t e r e s t i n g  p o s s i b i l i t y  i s  introduced by tuning t h e  
l a s e r  t o  t h e  r ed  of t h e  K D l i n e s  where t h e  exc i t ed  s t a t e  of the  complex i s  bound. 
then looking f o r  b lue-shif ted bound-bound f luorescence i n t o  t h e  lower s t a t e  poten- 
t i a l  wel l .  
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Fig. 7. Poten t ia l  energy s. reac t ion  coordinate f o r  c o l l i n e a r  K + NaCl react ion.  
Curves b and c approximate the minimum energy path on the  ground s t a t e  surface f o r  
KNaCl angles of 1350 and 90°, respect ively.  
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