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I .  Introducflon 

The laser has long been advocated as an invaluable 
tool for inducing state-specific dynamical processes in 
atoms and molecules and is thus the ideal agent for 
“controlling” chemical reactions.’ In the early phases 
of laser photochemistry, it was used mainly as an ex- 
citation agent for certain atomic/molecular species, 
which were then brought into close proximity with other 
atomic/molecular species to produce chemical reactions. 
Later, it was realized that the laser, in addition to being 
an excitation agent, can also change the nuclear dy- 
namics during an atomic/molecular encounters2 The 
latter possibility, for a while, appeared to move chemists 
significantly closer to the claim that laser photochem- 
istry may fulfill the age-old dream of alchemy. 

The main advantage of this second possibility is that 
the absorbed photons need not be in resonance with 
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specific asymptotic energy levels of the atomic/molec- 
ular species involved in the collision process. A photon 
detuned from resonance can still be absorbed, the dif- 
ference in energy being made up by the “distortion” of 
electronic energy levels during the collision. Moreover, 
this “distortion” may be further changed by the laser 
field itself in such a way as to enhance the breaking or 
formation of chemical bonds. Thus light absorption and 
collisional energy transfer need not be independent 
events. 

The price to pay for this scenario is the high power 
of the laser that is usually required. For the laser field 
to change molecular dynamics, photons must be ab- 
sorbed within time scales of the order of collision times, 
typically s. The large transition rate then requires 
laser powers (proportional to the square of the radiative 
coupling energy) of the order of 109-1012 W/cm2. While 
experiments have been performed successfully using 
high-ower the very stringent power require- 
ments have prevented them from being versatile tools. 
As a result, the optimism initially associated with 
high-power laser photochemistry has somewhat abated, 
and focus has recently been redirected towards making 
the optimal use of moderate power 1asers.l4J5 

A subject of much interest regarding the use of 
moderate-power lasers is the formation of chemical 
bonds with the help of lasers. Aside from the intrinsic 
interest in chemical bonds themselves, bound states in 
the nuclear degrees of freedom are also of great im- 
portance in laser photochemistry, since these can serve 
as initial states from which laser photons are absorbed. 
The absorption can now take place from the stabilized 
collision complex over much longer time intervals than 
collision times, and consequently the power requirement 
for the laser becomes much less severe. Thus free- 
bound transitions exploiting moderate-power lasers may 
achieve the same goals as free-free transitions which 
are only possible with the help of very intense lasers. 
These free-bound collisions (associative or dissociative) 
are sometimes referred to as half-collisions, and for 
them the laser is again recognized as a most significant 
inducing agent. In the same spirit, laser-induced 
bound-bound transitions, such as stabilization of an 
excited complex by stimulated emission to a lower or 
ground vibrational state, has been found to be impor- 
tant in isotope separation.16 This process is referred 
to as laser-induced preassociation. We should also 
mention here before going further that since our focus 
is on bond formation due to bound-free transitions, we 
are excluding the general area of chemical reactions, 
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where bond formation is accompanied by bond breaking 
(this area has received some experimental attention6”,’* 
and a fair amount o f  theoretical at tent ion by us and 
others, which we do n o t  reference here). 

Typically the laser is used t o  excite a nuclear bound 
state through photon absorption or to populate a bound 
state through stimulated emission. Fo r  the diatomic 
case w i t h  which we w i l l  be main ly  concerned in the 
present article, these processes can he represented as 

A + B + ho - AB* absorption 

A + B* + ho - AB + 2hw stimulated emission 

In the latter case the incident photon is not absorbed, 
and one extra photon o f  the same mode is deposited 
into the radiation field. Interesting theoretical studies 
of these processes have been carried ou t  by various 
 investigator^.'^-'^ Some significant results include the 
following. In the absorption case, interference between 
the radiative preassociation and natural predissociation 
(due t o  the presence of cont inuum nuclear states 
crossing the excited-bound state) is ~tressed. ’~ In the 
emission case, a n  associative mechanism due t o  the 
deexcitation of a Feshhach resonance to a truly hound 
nuclear state is proposed.’8 

On the experimental side, photoassociative laser-in- 
duced fluorescence studies have been carried ou t  for 
heavy-metal eximers such as HgZm and rare-gas-halide 
exciplexes such as X e C P  and XeBr.2* These spectro- 
scopic studies typically involve laser excitation from a 
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electron-hole pair formation by molecule-semiconductor collisions. 
There is special interest in microstructures and cluster phenomena. 
His research activities have led to 250 publications and 150 invited 
conference lectures/seminars/coIloquia. 

diffraction”,” and very often can be explained in terms 
of t h e  Franck-Condon principle of local (vertical) 
electronic t ransi t ions (nuclear configurations un- 
changed). In th is  case, the Franck-Condon overlap 
integral of the excited-hound-state nuclear wave func- 
t i on  and the ground-state continuum wave function is 
the determining factor in the fluorescence l ine shape. 

repulsive or very weakly bound van der Waals potential 
t o  a bound-excited vihronic state of high vibrational 
quantum number. The resulting fluorescence profiles 
then provide valuable information for the inner portion 
o f  the repulsive (or weakly bound) ground-state PO- 
tential which may be very difficult to probe w i th  other 
techniques. I f  the ground state is a free (continuum) 
state, a characteristic oscillatory profile results. Th i s  
oscillatory effect has been called “Condon internal  

Another type-of important photoassociative process 
is laser-induced associative ionization, 

A * + B +  h w - A B + + e -  

Al though in general the nature of the mechanisms of 
ionized-dimer production remains controversial, it has 
been suggestedz3 tha t  two  of the most important ones 
are laser-induced associative ionization and molecular 
mul t iphoton ionization of neutral  dimers. Th is  con- 
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clusion has been corroborated by much recent work on 
the Na case,24-29 

Na + Na + 2 h w  - 
Na2+ + e- associative ionization 

Chemical Reviews, 1987, Vol. 87, No. 1 157 

Na2 + 3 h w  - 
Na2+ + e- molecular multiphoton ionization 

It has been pointed that the highly structured 
components of the dimer-ion spectrum are due to 
molecular multiphoton ionization, whereas only the 
broad slowly varying components are due to laser-in- 
duced associative ionization. As in the case of the 
photoassociative laser-induced fluorescence spectra, the 
broad components can again be explained mainly on the 
basis of the Franck-Condon principle. In all of the 
experiments referred to here, only moderate laser 
powers of less than lo6 W/cm2 have been used. 

There is, however, one important class of experi- 
mental results which cannot be explained on the basis 
of the Franck-Condon overlap factor: the presence of 
non-Franck-Condon distributions in the emission 
spectra of Penning-ionization optical spectro~copy.~~7~~ 
Although to data no such spectral effects have been 
observed in the intimately related process of associative 
ionization, there is much theoretical basis to support 
their presence in such p r o c e ~ s e s . ~ ~ , ~ ~  

In this article we shall approach the problem of la- 
ser/collision-induced bound-free processes from the 
somewhat specialized vantage point of non-Franck- 
Condon electronic transitions involving electronic con- 
tinua. Even though the full impact of such transitions 
in chemical bond formation is not readily recognized, 
we hope to convince the reader that a careful study of 
their origins and effects will lead to some new pathways 
in the understanding of dissociative and associative 
events in chemical dynamics. In particular, it will be 
seen that the laser can be used to its maximum ad- 
vantage as a controlling agent of chemical bond for- 
mation in processes involving such transitions. 

In section I1 we give an overview of the physics be- 
hind non-Franck-Condon transitions in bound-free and 
free-free collisions involving electronic continua, pin- 
pointing their origin to the presence of nonlocal po- 
tentials in the nuclear dynamics. As background, we 
begin by introducing the electronic-field representation 
as a suitable theoretical tool for the treatment of col- 
lision processes in the presence of a laser field. The 
main physical ideas are then discussed in the context 
of the gas-phase processes of Penning and associative 
ionization, with special emphasis on the latter. The 
presence of special features in the electronic spectrum 
due to radiative bound-continuum coupling are next 
introduced. These include the formation of an “extra” 
discrete electronic state and resonance states. Finally, 
the discussion is generalized to the case of chemical 
dynamics on solid surfaces. 

Section I11 focuses on associative ionization. The 
ideas introduced in section 11, such as the breakdown 
of the Franck-Condon approximation and the nonlocal 
nuclear potential, are given concrete treatment here. It 
will be shown in detail how nonlocality actually en- 
hances chemical bond formation and how the laser can 
be tuned to favor nonlocality. 

In section IV, we discuss in detail the spectral fea- 

tures of the “extra” discrete electronic state and reso- 
nances, and how these can be exploited for the purpose 
of creating chemical bonds. As in section 111, the dis- 
cussion is still carried out in the context of collisional 
ionization. However, as opposed to the processes dis- 
cussed in section 111, where bond formation is mainly 
achieved through dynamics, it is achieved here mainly 
through spectroscopy. 

The ideas expounded in sections I11 and IV for gas- 
phase processes are extended, in a relatively brief 
fashion, in section V to processes occurring on a solid 
surface. Here we specialize to low-energy collisions 
between an impact atom and adsorbate atom and the 
subsequent capture of the impact atom with the help 
of a laser. In our discussion, the solid surface is not 
treated in any realistic fashion-phonons as well as 
other surface degrees of freedom are ignored. Our ob- 
jective in introducing the surface is merely to illustrate 
the wide applicability of the ideas introduced in the 
previous sections. 

While this review constitutes a theoretical treatment 
of a rather specialized topic in chemical dynamics, we 
have attempted to maintain a suitable balance between 
qualitative description on a basic level and detailed 
mathematical formalism, in the hope that it will be 
useful to both specialists and nonspecialists alike. The 
emphasis, however, is always on the physical principles 
rather than the mathematics. The references cited 
provide a representative coverage of the literature up 
to the present. 

I I ,  Overview of Laser/Colilsion-Induced 
Chemical Bonds Involving Electronic Continua 

We shall begin our discussion with Penning and as- 
sociative ionization. These processes, whether laser- 
induced or not, differ from many other electronically 
nonadiabatic collision processes in one important re- 
spect: ionization processes necessarily involve an 
electronic continuum, due to the presence of the lib- 
erated electron. Hence, the nuclear collision leading to 
ionization must be effected by an electronic bound- 
continuum coupling. Such couplings entail, at  least in 
principle, a nonlocal scattering potential for the colli- 

Before proceeding to discuss this type of po- 
tential, we introduce a general mode of description of 
potential surfaces especially suitable for laser-induced 
dynamics, known as the electronic-field representa- 
t i ~ n . ~ ~  

A. The Electronic-Field Representation 

This representation is based on the idea of “dressing” 
molecular quantum states with photon quantum states 
(in the occupation number or Fock representation). 
The resulting “dressed” states allow description of 
collisional and radiative interactions on the same 
footing and clearly reveal the altered dynamics of a 
collision system due to the laser. The simplest way to 
introduce the electronic-field representation is as fol- 
lows. We begin with a set of potential curves (surfaces) 
corresponding to different electronic energy levels of the 
collision system that can be radiatively coupled. Sup- 
pose a laser of frequency w is introduced. All of the 
curves are shifted by a n  amount h w  on the energy scale. 
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(e.g., by a laser), it becomes possible to “fine tune” the 
energy of this bound state by variation of the laser 
characteristics, such as intensity and frequency. For 
this bound state to exist, the field intensity must be 
larger than a certain frequency-dependent critical value. 
Moreover, multiple metastable states (electronic reso- 
nances) not originally present in the field-free spectrum 
may also be generated by a monochromatic laser. The 
creation of an extra discrete electronic state enriches 
the electronic spectrum of the collision complex and 
thus may conceivably enhance the probability of 
chemical bond formation. The multiple electronic 
resonances, on the other hand, with laser-dependent 
energies and widths, may be yet another cause for the 
suspected non-Franck-Condon behavior of ionization 
spectra. 

The set of shifted and unshifted curves may cross each 
other at several nuclear configurations. At every such 
crossing, radiative coupling is effective and an avoided 
crossing (level splitting) is generated. These avoided 
crossings may dramatically change the shapes of’ the 
field-free potential curves and thus effectively alter the 
dynamics of the collision system. The radiatively al- 
tered (adiabatic) curves are then called electronic-field 
curves (surfaces). 

B. The Nonlocal Potential and 
Non-Franck-Condon Spectra 

To understand the importance of the nonlocal scat- 
tering potential, we first review the basic properties of 
the local potential. In the context of electronic tran- 
sitions during an atomic/molecular encounter, a local 
coupling between different electronic states means that 
the electronic transitions are effectively “vertical”; i.e., 
the nuclear configurations remain unchanged during an 
electronic transition. This can only happen if the 
electronic motions are much faster than the nuclear 
ones, so that the electronic transition is completed long 
before the nuclei have time to change their configura- 
tions. This situation then implies that nuclear kinetic 
energy must be conserved in an electronic transition. 
For nuclear bound-bound and free-bound transitions, 
this further implies that the electronic “jump” must 
occur “instantaneously” and at  a specific nuclear con- 
figuration. For free-free nuclear transitions, the “jump” 
can occur a t  various configurations, but a t  each one, 
nuclear kinetic energy must still be conserved. 

Intuitively, a nonlocal potential means that an elec- 
tronic “jump” at  a particular nuclear configuration 
depends on its past and future “history” of “jumps” at  
all other nuclear configurations. Hence, the probability 
of such a jump cannot be a local property. Equiva- 
lently, it can be imagined that the “jump” takes place 
over a period of time comparable to the nuclear collision 
time. Thus the nuclear configuration cannot remain 
stationary during such a nonlocal electronic transition, 
and consequently the conservation of nuclear kinetic 
energy may also be violated in such a process. Yet 
another way to view the situation is that electronic 
transitions need not be vertical and the transition 
spectrum may not be reflected by the Franck-Condon 
overlap integral. As we shall see in the following sec- 
tions of this review, this non-Franck-Condon nature of 
electronic transitions leads to many interesting spectral 
features, such as the possibility of an increased number 
of vibrational resonances in the bound AB+ potential 
curve.37 This aspect of the nonlocal coupling obviously 
has great relevance for the study of laser/collision-in- 
duced chemical bonds. 

C. “Extra” Electronic Bound State and 
Resonances 

An electronic bound-continuum coupling not only 
leads to nonlocal nuclear dynamics and the associated 
non-Franck-Condon behavior of electronic transitions 
during a nuclear collision, but also makes it possible to 
create an extra bound (discrete) electronic state which 
is nonexistent in the absence of the coupling.39 When 
this bound-continuum coupling is radiatively generated 

D. Bonds on Solid Surfaces 

The effects we have discussed in the previous two 
subsections are largely due to the presence of an elec- 
tronic continuum. In gas-phase processes, this contin- 
uum is associated mainly with the ionization threshold 
potential curve (AB+ in the case of diatomics). In the 
condensed-phase, however, electronic continuum 
(bands) are much more common. In particular, the 
potential surfaces describing the dynamics of adsorbates 
on solid surfaces many become broadened into bands,4O 
and it is expected that nonlocal and other bound-con- 
tinuum effects discussed earlier would be manifest in 
collision processes taking place on solid surfaces. Again, 
a laser can be used to probe various regions of the 
continuum, and laser-induced molecular collisions on 
solid surfaces may be a powerful tool for exploring 
surface structure. 

I I I. Bonds via Dynamics: Laser- Induced 
Associative Ionization 

We first review the basic theory and physical picture 
behind the processes of field-free Penning and associ- 
ative ionization, 

A + B* - A+ + B + e- Penning ionization 

AB+ + e- associative ionization 
These can be understood in terms of the electronic 
potential surfaces correlating asymptotically to the 
atomic fragments A + B* and A+ + B, as shown in 
Figure 1. The ionization curve A+ + B is the lower 
threshold of an electronic continuum corresponding to 
the continuous range of energies of the liberated elec- 
tion. Ionization is possible through the collision channel 
A + B* if its potential curve is embedded in the con- 
tinuum, as in the case shown in Figure 1, and a con- 
figuration interaction bound-continuum coupling is 
active between the discrete electronic state A + B* and 
the continuum characterized by the free-electron energy 
t. This coupling in general depends on both the nuclear 
configuration R and the electron energy 6 .  

One normally employs the Franck-Condon picture 
to understand the ionization process. Penning ioniza- 
tion is a nuclear free-free collision. It occurs when the 
final total energy Ef (electronic plus nuclear) of the 
collision complex (Ef = Ei -- e ,  where Ei is the initial total 
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part of the ionization spectrum, which is also tradi- 
tionally analyzed using eq 3. Here E f  is determined 
largely by the shape of the bound part of the A+ + B 
curve, and ionization is most likely to occur at those 
values of Ei for which S(Ei) is a maximum. By con- 
sidering the exact nuclear Schrodinger equation de- 
scribing Penning and associative ionization, it can be 
shown that36 the Franck-Condon approximation 
amounts to replacing an exact nonlocal potential by a 
local complex one. This local complex potential has the 
form 

( 5 )  W(R)  = Wd(R) - i?rlVd,(R)l2 
where Wd(R) is the potential curve corresponding to the 
A + B* state, and Vd,(R) is the bound-continuum 
coupling inducing electronic transitions between Wd(R) 
and W+(R) (the curve corresponding to the A+ + B 
state) which are ultimately responsible for the ionization 
process. 

Because of this coupling, nuclear dynamics is gov- 
erned by both the curves Wd(R) and W+(R). Thus the 
nuclear Schrodinger equation describing dynamics on 
Wd(R),  for instance, has to contain a part which de- 
scribes dynamics on W+(R) also. This part-the 
propagator function on W+-is the origin of the non- 
locality of the potential. Ignoring complications due to 
J # 0 partial waves, the Schrodinger equation for nu- 
clear dynamics on the Wd(R) surface can be written as36 

Figure 1. Potential surfaces for Penning and associative ioni- 
zation. The dashed lines indicate an electronic continuum. E 
stands for the total energy; (KE)N stands for the nuclear kinetic 
energy; the subscripts i and f stand for initial and final. R, and 
RA stand for nuclear configurations where Penning and associative 
ionization take place, respectively. RT stands for an approximate 
transition configuration (see text). 

energy) is in the continuous range-larger than EA++B 
(R - m).  The Franck-Condon principle implies that 
electronic transitions are vertical (nuclear configurations 
unchanged) and hence the nuclear kinetic energy (KE), 
is conserved, 

(KE)Ni(R) = (KE)NI(R) (1) 

where i and f denote initial and final, respectively. 
Since Ef is continuous for Penning ionization, the local, 
vertical electronic transitions between A + B* and A+ 
+ B can take place in a continuous range of nuclear 
configurations (R) ,  as long as eq 1 has a solution for R. 
In Figure 1, for example, all values of R > - RT (T 
denotes the transition region between Penning and 
associative ionization) can satisfy eq 1, and hence 
Penning ionization can take place anywhere in this 
region. This is reflected by a continuous spectrum of 
the Penning ionization cross section as a function of the 
liberated electron energy 

(2) 
Traditionally this spectrum has been analyzed in terms 
of the Franck-Condon overlap integral between the 
continuum (free) nuclear wave functions 

4 R )  = WA+B*(R) - WA++B(R) 

This integral depends only on Ei since, by definition, 
E f  = Ei - (4) 

The situation becomes somewhat different in the 
associative ionization regime: Ef  is quantized here and 
can only assume discrete values. The Franck-Condon 
principle, equivalently eq 1, then requires that the 
bound-continuum transition can only take place a t  
discrete (localized) nuclear configurations. Thus for 
associative ionization, according to eq 2, the liberated 
electron can only acquire discretized energies. This is 
reflected in the resonance structure of the associative 

I(E,R,R3 = 

(7) 

where F(E,R) and F,(E,,R) are the continuum and 
bound (vth vibrational level) nuclear wave functions on 
the potential W+(R) corresponding to the A+ + B sur- 
face, and it has been assumed that the bound-contin- 
uum coupling Vd,(R) is €-independent. Equation 6 
clearly involves a nonlocal scattering potential. I(E,- 
R,R? can be understood as the propagator function 
describing nuclear dynamics on the W+(R) surface be- 
tween R and R! Thus the dynamics at any configura- 
tion R depends on the global picture of possible tran- 
sitions taking place a t  every other R’. Notice that in 
eq 7, one can interpret E’as E’ = E - 6 where e is the 
energy of the liberated electron. Thus the integral over 
E’ and the summation over E, is equivalent to an in- 
tegration over E from 0 to 00. E’> E would mean neg- 
ative E ,  an impossible situation. 

Now the Franck-Condon principle of vertical tran- 
sitions is mathematically equivalent to the following two 
assumptions: (i) x(E,RR, the exact wave function in the 
RHS of eq 6, can be approximated by xd(E,R?, the wave 
function with only Wd(R)  as the scattering potential, 
and (ii) for E’> E the overlap factor Xd(E$?F*(E’,R? 
leads to a vanishing integral SdR’on the RHS of eq 6. 
Under these circumstances the upper limit E in the 
integral SdE’ for I can be replaced by m.  From the 
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assumed completeness of the set of functions 
{F(E,R),F,(E,,R)), eq 7 then implies that 

I(E,R,R? - i d ( R  - R? (8) 

Thus in eq 6 the potential becomes completely local, 
and is given by eq 5 ,  but W(R)  has acquired an imag- 
inary part. A local complex potential means that, even 
though energy is lost (to the emitted electron), dynamics 
at each point R is still determined by the local value 
of W(R).  This can only be so if electronic transitions 
are instantaneous from the viewpoint of nuclear dy- 
namics, a requirement of the Franck-Condon approx- 
imation. 

The implication of eq 6 and 7 is clear: the scattering 
potential for nuclear dynamics on Wd(R) only becomes 
rigorously local in the high-energy limit E - 00. Non- 
locality increases in importance as the collision energy 
is reduced, and when E < W+(a) the nonlocal part of 
the imaginary part of the potential becomes dominant.% 
In practice, of course, as E - 00, nuclear and electronic 
time scales become equivalent and the breakdown of 
the Born-Oppenheimer approximation will render the 
Franck-Condon approximation meaningless. Thus the 
Franck-Condon approximation can only be expected 
to hold in a certain intermediate collision-energy 
range-not so large such that nuclei and electrons move 
with comparable velocities and yet not so small such 
that nonlocal potentials governing nuclear motion be- 
come important. 

E-- 

A. Pictorial Interpretation of the Nonlocal 
Potential 

The physics of the nonlocal potential is contained in 
the propagator I(E,R,R? given by eq 7. To obtain a 
pictorial interpretation of this quantity, it is instructive 
to write down the formal solution for eq 6 in a Born 
series. First we convert the integrodifferential equation 
6 into an integral equation, 

x(E,R) = x & W )  + smM’G(E,R,R?Vd,*(R? 0 X 

i m d R ”  Vd,(R’?I(E,R’,R’?x(E,R’? (9) 

where G(E,R,R’? is the Green’s function or propagator 
on the Wd(R)  surface, 

and xd(E,R) is the wave function for scattering on the 
surface Wd(R) alone; i.e., it satisfies the homogeneous 
part of eq 6, 

The Born series is then obtained from eq 9 by iteration. 
The lowest order (Born approximation) is given by 

x‘’’(E,R) = xd(E,R) -t xmdR’G(E,R,R?Vde*(R? 0 X 

-dR ” V,I, (R  ’?I(E,E ’, R ’9 x d (  E ,  R ’? ( 1 2) 

Figure 2. Pidorial representations of first-order nonlocal (a) and 
local (Franck-Condon vertical) transitions (b) (see eq 12 and 13). 

Figure 3. Pictorial representations of third-order nonlocal (a) 
and local (Franck-Condon) transitions (b). 

which can be contrasted with the Born approximation 
using the local complex potential W(R)  [eq 51, 
x(’)(E,R) = 

xd(E,R) + i a L m d R ’  G(E,R,R?IVd,(R?I2xd(E,R? (13) 

The physical picture represented by these equations is 
illustrated in Figure 2, parts a and b, respectively. In 
these figures, propagation on the upper surface Wd(R) 
corresponds mathematically to the propagator G(E,- 
R,R?, whereas that on the lower surface W+(R) to the 
propagator I(E,R,R 9. The bound-continuum coupling 
Vd,(R) induces a ”kick from the upper to the lower 
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Figure 4. A situation in which associative ionization and nonlocal 
dynamics are predominant, characterized by E < W+(m). Dashed 
lines represent vibrational levels. 

surface at  R, and Vd,*(R) does the reverse. It is clear 
from Figure 2 that a nonlocal potential allows the 
system to “live” for a finite period of time on the W+(R) 
surface and thus enhances ionization, whereas a local 
potential only allows for momentary existence on that 
surface. Also, the local picture clearly implies the 
Franck-Condon principle of vertical electronic transi- 
tions, whereas the nonlocal picture apparently allows 
for nonvertical transitions. 

It is straightforward to generalize the picture to 
higher orders in the Born series. For example, a 
third-order process (involving six transitions) is shown 
in Figure 3. In both Figures 2 and 3, all the marked 
coordinates are arbitrary and hence have to be inte- 
grated over. Thus in Figure 3a, it is possible for R1 = 
R2, R3 = R4, and R5 = Re. Hence, the local picture is 
only a very specialized case of the nonlocal one. 

In view of Figures 2 and 3, it can also be understood 
intuitively why, as E - m ,  the potential becomes pro- 
gressively more local. Indeed, as the collision energy 
increases, the transit (interaction) time for the collision 
decreases, and it becomes increasingly more difficult to 
effect a transition of the type shown in Figure 2a, in- 
volving a finite duration of time on the lower surface. 
Correspondingly, transitions of the type shown in Fig- 
ure 2b, involving zero time in the lower surface, become 
more favored. Conversely, low collision energies, im- 
plying large interaction times, favor the nonlocal pro- 
cesses. Since, as observed above, nonlocal transitions 
enhance ionization, low-energy collisions should also 
favor ionization. In particular, if the energy is so low 
that E < W+(m), as shown in Figure 4, then only asso- 
ciative ionization occurs. In this case it can be shown 
that36 the dispersive (imaginary) part of the potential 
is entirely nonlocal and the propagator I(E,R,R? in eq 
7 only involves bound vibrational wave functions 
F,(E,R) for the potential W+(R), 

I(E,R,R ? - CFu(E,,R)F,(E,,R 3 (14) 
where the sum is only over the vibrational states that 
are energetically accessible for a given E. 

AI 

Figure 5. Laser selection of collision energies in associative 
ionization through (a) absorption and (b) stimulated emission. 
The  double arrows represent the laser-selected nuclear kinetic 
energies on the entrance channels. 

B. Laser Selection of Collision Energy by 
Absorption and Stlmulated Emission of Photons 

Rather than varying the collision energy with respect 
to fixed potential curves on the energy scale, one can 
use a laser to change the relative positions of the po- 
tential curves and thus the effective collision energy in 
the entrance channel. This can be done by tuning the 
laser frequency w and is most easily seen using the 
electronic-field representation for the field-dressed 
electronic states, as discussed earlier. Figure 5, parts 
a and b, illustrates two situations for laser-enhanced 
associative ionization, which are equivalent dynamically, 
but arise from distinct radiative mechanisms. Figure 
5a shows ionization through photon absorption, whereas 
Figure 5b shows ionization through stimulated emission. 
For the absorption case, associative ionization does not 
occur without the laser, since Wd(R)  < W+(R) for all R. 
For the stimulated emission case, field-free associative 
ionization may occur but is much enhanced by the 
presence of the laser. For absorption, the electronic 
transition takes place between the electronic-field 
curves wd + h w  - W+; for emission, the transition is 
Wd + h w  - W+ + 2hw.  (We recall that for stimulated 
emission, the incident photon is not absorbed, and in 
the final state another photon of the same mode is 
deposited into the radiation field.) Since nuclear dy- 
namics takes place on these curves, it is seen that Figure 
5, parts a and b, represents qualitatively dynamically 
equivalent cases. For both situations the initial kinetic 
energy on the entrance channel, 

(KE)i = E - (Wd + ha)  (15) 

is represented by the double-arrow. Dashed lines rep- 
resent vibrational levels supported by the bound parts 
of the W+ ionization threshold curves. 

Figure 5 ,  parts a and b clearly shows that one can 
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Figure  6. (a) Qualitative picture of a Franck-Condon overlap 
function in the neighborhood of a local maximum. C, (i = 1, 2, 
3,) are three values of C (eq 21) corresponding to  three laser 
intensities (C, corresponds to the smallest and C, the largest). 
EFC is the Franck-Condon resonance energy. (b) Qualitative 
picture for the associative ionization (resonance) spectrum. The 
dashed curve represents the Franck-Condon result; the solid 
curves show multiple resonances due to  nonlocality. 

fine-tune the laser frequency to “energy-select” the 
collision partners to access the desired regions of the 
bound vibrational wells in W,. Furthermore, from our 
previous discussion, one can decrease (KE)i to accen- 
tuate the nonlocal effects and thus enhance the overall 
formation of the A-B bond. 

C. Multtple Vibrational Resonances 

This enhancement due to nonlocal effects basically 
arises from the physical picture of Figures 2a and 3a: 
the collision system can “live” longer on the W,(R) 
curve. In the Franck-Condon picture (Figures 2b and 
3b) it is expected that for the vibrational level E, in W,, 
interference between the amplitudes corresponding to 
different numbers of “instantaneous transitions” would 
lead to one resonance energy E favoring associative 
ionization. The corresponding resonant electron energy 
E is given by 

t = E - E ,  (16) 

In the nonlocal picture (Figures 2a and 3a), on the other 
hand, interference between amplitudes corresponding 
to different numbers of “finite-time transitions” may 
lead to more than one vibrational resonance energy E 
favoring associative ionization for a single vibrational 

This can be seen qualitatively from the nonlocal 
picture: a net downward transition involving a finite 
“lifetime” in W, no longer corresponds to fixed E. Thus 
in eq 16 E is no longer unique for a fixed vibrational 
level. 

Restricting our attention to a single vibrational level 
for simplicity, with wave function Fo(Eo,R) (cf. eq 6), 
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eq 14 for I(E,R,R/) reduces to a single term. Equation 
5 can then be solved analytically since in the RHS of 
that equation, t h e m m  of nonlocal potentials reduces 
to a single nonlocal potential with a separable kernel. 
The solution is given by37 

is the generalized Franck-Condon overlap integral, and 

Since we can assume that the Green’s function 
G(E,R,R? has no bound-state poles, the resonance en- 
ergies E can be determined by setting the real part of 
the denominator in eq 17 equal to zero, 

(20) 1 - r213(E)(Z = 0 

This is an interesting result. If we assume that Vd,(R) 
is independent of R, eq 20 can be written as 

where F(E)  is the usual Franck-Condon overlap 

F(E)  l m d R  0 Fo(Eo,R)xd(E,R) (22) 

Thus in the nonlocal case the resonance collision en- 
ergies are not determined by the maximum of the 
Franck-Condon overlap, as required by the Franck- 
Condon principle, but by eq 21. 

For a laser-induced process (Figure 5), we not only 
can vary E by changing the laser frequency, but also 
control the resonance energy by varying the laser in- 
tensity, which governs vdf .  This situation can be un- 
derstood with the help of Figure 6. Figure 6a shows 
a qualitative picture of a Franck-Condon overlap 
function in the neighborhood of a local maximum. The 
three values C1, Cz, and C3 (eq 21) correspond to three 
bound-continuum coupling strengths Vd,, with the 
largest vd, for c3 and the smallest for C1. It is clear that 
for Vd, larger than a certain critical value, multiple 
resonances can occur. Figure 6b shows a qualitative 
picture for the resonance spectrum S(E) according to  
the Franck-Condon principle (dashed curve) and to the 
result of eq 21 due to a nonlocal potential (solid curve). 
It is seen that a nonlocal potential may either shift a 
“pure” Franck-Condon spectrum or split it into mul- 
tiple components. For laser-induced processes where 
vd, is due to electric-dipole coupling, V,, - po6/(h~o)1/2 
where p o  is the electric dipole of the A + B system, & 
is the electric field strength of the laser, and wo is the 
natural frequency of the bound vibrational mode sup- 
ported by W,. We have shown elsewhere3’ that the 
critical dimensionless coupling constant Vde2/ h w o  for 
multiple resonance formation (corresponding to C2 in 
Figure 6a) is on the order of 0.5. Using the typical 
values po - 10 au and wo - 120 cm-l, it can then be 
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estimated that the critical laser power for multiple 
resonance formation is on the order of 106-107 W/cm2. 
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I V. Bonds via Spectroscopy 

Non-Franck-Condon spectra arising from electronic 
bound-continuum processes can also be understood in 
terms of spectral, as opposed to dynamical, effects due 
to nonlocal potentials. In laser-induced processes, the 
radiative bound-continuum coupling can be readily 
manipulated by varying the laser characteristics to 
produce many novel spectral features in a given system. 
Very interesting studies have recently been carried out 
on the general aspects of this problem39 and the specific 
atomic processes of laser-induced a u t o i o n i ~ a t i o n ~ ~ ~ ~  and 
photodetachment of electrons from negative ions.46-49 
In this section, we shall discuss these spectral features 
in the context of molecular dynamics and indicate how 
they can be exploited for the purpose of bond forma- 
tion. 

A. Laser-Induced Electronic Resonances and 
the Renormalized Width 

Electronic resonances play a crucial role in atomic 
dissociation and recombination events. Their properties 
for field-free processes such as electron-molecule 
scattering have been dealt with exhaustively using the 
analytic properties of the associated S-matrices.50 Here 
we examine their role in nuclear dynamics with refer- 
ence to bond formation. 

In the previous section, nuclear dynamics is governed 
by the potential surfaces wd(R) and W+(R), which label 
the corresponding electronic states I & & )  ) and I$,$) ). 
(Double brackets are used because separate Hilbert 
spaces are needed to describe the two different kinds 
of degrees of freedom, the electronic ( r )  and the inter- 
nuclear (R).)  Since I&,R)) and l$,,R)) are coupled 
electronically, they are called states in the diabatic 
representation. vd,(R) then represents the off-diagonal 
matrix elements of the electronic Hamiltonian in this 
representation. To study the electronic spectrum in 
detail, one needs to use the adiabatic representation, 
in which the electronic hamiltonian is diagonalized. 
From now on we shall denote the diabatic states simply 
by the single bracket, I & )  and I$,), where R is regarded 
as a parameter and is omitted. The adiabatic states IE) 
with energy E are then defined by 

He1IE) = EIE) (23) 

where Hel is the electronic Hamiltonian. IE) can be 
expanded in terms of the diabatic states, 

where p(c) is an appropriate density of states in the 
continuum, and the expansion coefficienty BE and x E C  
both depend on the bound-continuum coupling 

vdc(R) = ($c\Helb#’d) (25) 

The eigenvalue equation for He, follows from eq 23, 

where p is the continuum threshold. Equation 26 im- 

plies that electronic resonances may occur provided that 
the equation 

has solutions for E > p. In traditional work the prin- 
cipal-value integral in eq 27 is usually interpreted as a 
small shift to the line center w d .  However, when V,, 
varies significantly over a region c of interest, such as 
in the case of radiative couplings, this treatment be- 
comes invalid. In such a case eq 27 may have multiple 
solutions, which bear no simple relationship to Wda3’ 
These can be identified as electronic resonances cor- 
responding to complex adiabatic potential surfaces. 
Just as in the localized potential treatment of nuclear 
dynamics in the diabatic representation, where the 
appropriate complex potential surface is given by eq 8, 
in the adiabatic representation nuclear dynamics occurs 
on the adiabatic complex potential surfaces 

where E, is a resonance energy at  the internuclear 
distance R (a solution to eq 27) and r (R)  represents the 
width. There are now two complications. First, for 
fixed R, these may be more than one value of E, 
(multiple resonances). Second, the width r ( R )  is not 
proportional to the square of the “bare” coupling 
strength, IVd,l2, but to the square of a renormalized 
coupling strength,39 

where 

and r0(E) is the bare width given by 

r o w )  2rp(E)IVd~(R)1~ (31) 

It is interesting to note the situation when Vd, is due 
to the radiative coupling induced by a laser, in which 
case Vd, becomes adjustable. The width r is then not 
proportional to the physical field intensity, but to a 
“renormalized” field intensity which depends on the 
resonance energy E,. According to eq 29, provided 
P’(E,) > 0, I’ is always less than ro. Thus, the range 
of values of E for which P’(E) > 0 may be considered 
as the metastable regime: if a resonance state has en- 
ergy ER within this regime, its physical width is always 
smaller than its bare width. In this sense, a laser, in 
addition to creating a resonance state, may actually 
enhance the stability of that state. For -1 < P’ < 0, r 
is still positive, but it is larger than ro. The range of 
E satisfying this inequality may be called the unstable 
regime, as r can become very large when P’ 2 -1. In 
this regime, a laser destabilizes a resonance state that 
it creates. Finally, for P’< -1, UE,) becomes negative, 
and the solutions of eq 27 do not correspond to any 
physically observed resonances at  all. Hence, we can 
label the range of E satisfying this condition as the 
unphysical regime. 
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Figure 7. Complex potential surfaces (with renormalized widths) 
corresponding to laser-induced electronic resonances. The upper 
curve, W,, is in the unstable regime, and the lower curve, W,, 
is in the metastable regime. It is assumed that the radiative 
coupling is insignificant a t  asymptotic regions so that no splitting 
occurs there. 

In the context of collisional ionization, resonance 
states in the metastable regime inhibit ionization, those 
in the unstable regime enhance ionization, and finally, 
the unphysical regime prohibits ionization altogether. 
Figure 7 represents schematically the situation for an 
absorption process. In this case, the bare state w d  + 
h w  splits up into two resonance states due to radiative 
coupling. The one above w d  + f i w ,  Wu, is in the 
unstable regime, where as the one below w d  + Ro, W,, 
is in the metastable regime. Semiclassically, one can 
then view nuclear dynamics as taking place on both of 
these “resonance” potential surfaces. The trajectory on 
W, will favor ionization. This situation should be re- 
flected in a departure from a pure Franck-Condon 
behavior of the ionization spectrum. 

B. Laser-Induced Electronic Discrete States: 
Neutral Preassociation via the Ionizing Channel 

So far we have only examined the solutions of eq 26 
for E > p. A solution below the continuum threshold 
( E  < p), however, can exist provided 

This implies that a discrete electronic state with energy 
below the ionization threshold can be induced by a 
laser, provided the laser intensity is larger than a certain 
critical value. In the context of Figure 7, eq 32 is 
equivalent to the following equation for a critical laser 
intensity, 

ha - [W+(R) - wd(R)I 
Ic(R) = (33) 

P(4 lY (4 l2  S2C € - w +  
such that a discrete electronic potential curve will be 

Figure 8. Indirect laser/collkion-induced preassociation via the 
ionization channel. The radiative coupling indicated by the wiggly 
photon line is forbidden. W, is the potential curve corresponding 
to the laser-induced electronic discrete state. 

created for I > IC. In eq 33 we have made use of the 
fact that IVdJ2 0: laser intensity I and have written 

Ivde12 E IIv(c)12 (34) 

For fixed laser frequency, the potential curves in Figure 
7 result if I < IC. As I is increased, the resonance states 
become more separated with Wu becoming more 
unstable and WM more stable. Thus, as the intensity 
of the laser is increased, the latter has the effect of 
“pulling down” the energy level of the induced meta- 
stable resonance state and stabilizing it more in the 
process. As the intensity is increased beyond IC, the 
resonance state gets “pulled” out of the continuum and 
becomes a truly bound electronic potential surface, 
WBW. 

To estimate I ,  we need to assume specific forms for 
Vd, and ~ ( 6 ) .  By use of the typical forms3’ 

p ( t )  = ad= (35) 

and 
w4 

where a, y, to (> W+), and 4 are constants, the integral 
in eq 32 can be evaluated3’ and eq 32 can be rewritten 
as 

[[ha + w d  - w+][(fO - w+)’ + 42]3/4 
(37) e 

T (to - W+) cos - + 4 sin- [ 2 

by4),  = 

where (ay4), [of dimensions   en erg^)^/^] is the critical 
coupling constant for the formation of W,. Thus for 
electric-dipole coupling (ay4), - where p o  is 
the electric dipole of the molecular collision system and 
G, is the critical laser field strength. Equation 37 can 
be simplified to give a rough estimate for &, if we make 
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the plausible approximations that to - wd + h w  and 

(38) 

Assuming a typical choice for w d  + h w  - W+ - of 5 
X au, I ,  is then estimated to be 106-107 W/cm2, 
similar to the intensities required for multiple resonance 
formation in associative ionization. 

In Figure 8, we illustrate an interesting dynamical 
consequence of this laser-induced discrete surface. This 
figure shows a possible mechanism for the associative 
process 

A + B - A B *  (39) 
which is not possible through either pure collision or 
a direct process of collision with photon absorption. 
The latter is ruled out on the basis of the assumption 
that neither the finite nuclear distance nor asymptotic 
electronic states corresponding to the surfaces for A + 
B* and A + B can be radiatively coupled to a significant 
extent. These states can, however, be indirectly coupled 
through the ionization channel A+ + B, provided the 
laser intensity is high enough such that an electronically 
discrete surface crossing the A + B* bound well is in- 
duced. Notice that, as discussed above, the existence 
of WB and unstable resonances within the continuum 
are mutually exclusive, so that the ionization channel 
will not be a competitive channel to association. Also, 
W, need not exist as a complete potential surface, and 
is consequently not shown as such in the figure. All that 
is required is that there is a portion which crosses the 
bound A + B* well. We call this process laser- and 
collision-induced preassociation via the ionization 
channel. In this scenario, the laser becomes a truly 
versatile tool when used in conjunction with a collision 
process. It can "turn onn ionization when I < IC and 
can "turn off" ionization when I > IC. In the latter case, 
the induced electronic discrete potential surface WB 
provides a bridge to access other electronic states. 
Another important advantage is that the laser fre- 
quency is not critical, in sharp contrast to many la- 
ser-induced processes. All that is required is that some 
part of the continuum be accessed. 

[ - w d  + h w  - w+: 
0.7 
I"0 

G, - - (W, + hw - W,) 

V. Bonds on Soiid Surfaces 

The electronic-field picture for describing gas-phase 
atomic/molecular collisions involving an electronic 
continuum discussed in the previous sections can be 
generalized to the description of collision processes 
taking place on a solid surface. In the presence of a 
surface, the electronic continuum arises from the per- 
iodic lattice structure of the substrate, but the quali- 
tative description of the nuclear dynamics can be car- 
ried over from the gas-phase situation. Much inter- 
esting theoretical work has been carried out by using 
this approach on the problem of electron-stimulated 
d e ~ o r p t i o n . ~ l - ~ ~  Here we shall use it to briefly discuss 
a laser-induced atom-adsorbate collision process. 

In Figure 9, A represents an adsorbate atom and B* 
an impact atom colliding with A. A laser with a suitable 
frequency w is also incident on the system. The po- 
tential curves are similar to those in Figure l, where the 
bottom curve now represents the ground electronic state 

1 R 

Figure 9. Laser-induced energy transfer from an excited atom 
B* (colliding with adsorbate A) to the electronic continuum 
(shaded) resulting in possible bond formation between A and B. 
The hatched areas represent laser-induced electronic resonances. 

of the A + B system. The electronic continuum, now 
describing an A-surface electronic band, need not ex- 
tend to infinite energy. The qualitative features of the 
dynamics, however, remain unchanged if the A + B* 
curves is still partly or wholly embedded in the band. 
The laser can be used to transfer the excitation energy 
from B* into the electronic continuum, so that a bound 
collision complex results. R represents the relevant A-B 
collision coordinate, and the lattice coordinates of the 
solid are considered to be frozen so that energy transfer 
to phonons of the solid are ignored. 

Energy transfer resulting in a bound complex can 
again take place in two ways: photon absorption and 
stimulated emission. Figure 9 illustrates the absorption 
mechanism (compare with Figure 7). The radiative 
coupling generated by the laser between the electron- 
ically excited state A + B* and the A + B band may 
create a broad resonance in the unstable regime of the 
band and a narrow resonance in the metastable regime 
(see the theoretical discussion in the previous section). 
If, as shown in the figure, the broad resonance has 
higher energy, then it will contribute more significantly 
to nuclear dynamics in comparison to the lower energy 
narrow resonance curve. This is simply because the 
nuclear kinetic energy is smaller on the broad resonance 
curve, and more time will be spent there by the system 
in a collision encounter. Thus, the laser has created a 
favorable situation for energy transfer to the continuum 
and possible relaxation to the bound AB state. The 
stimulated emission mechanism can be illustrated by 
Figure 5b, with W+ representing the A + B state and 
wd the A + B* state. In this case, the electronic energy 
transfer induced by the laser may lead to multiple 
resonances for the nuclear motion. As in the gas-phase 
scenario, this is due to nonlocal dynamical effects ar- 
ising from the bound-continuum electronic coupling. 

One difference between processes on a solid surface 
and the corresponding gas-phase processes is that the 
former only involve a finite-width continuum. The 
finite bandwidth of the continuum in general makes it 
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less “usable” for the purpose of energy transfer and 
makes the dynamics much more system-dependent. 
Nevertheless, the qualitative features of the theory 
presented for the gas-phase case in the previous section 
are still valid. A more complete picture will obviously 
involve electron-phonon and photon-phonon interac- 
tions. These fall outside the scope of the present article. 
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