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Dynamics of reactive collisions by optical methods 

by A. GONZALEZ URERAT 
Instituto Pluridisciplinar, Universidad Complutense, Paseo Juan XXIII, 1, 

28040 Madrid, Spain 

and R. VETTER 
Laboratoire Aim6 Cotton, CNRS IT, Bat. 505, Campus d’Orsay, 

91405 Orsay Cedex, France 

This paper reviews recent developments in the study of reactive collisions using 
optical methods. Although the basic approach is from the experimental viewpoint, 
attention is paid to the conceptual and theoretical aspects of the physics underlying 
modern reaction dynamics. After a brief resum6 of basic concepts and definitions 
on both scalar and vectorial quantities characterizing the chemical reaction, a 
significant body of this paper describes the recent achievements using laser 
techniques, mainly via laser-induced fluorescence, and chemiluminescence. Both 
high-resolution crossed-beam and high-resolution bulb studies are presented in a 
complementary fashion, as they provide a detailed picture of reaction dynamics 
through the measurement of quantum state specific differential cross-sections. 
Specific examples include the use of Doppler resolved laser-induced fluorescence, 
multiphoton ionization or CARS studies. Some examples are also included based 
on the use of product imaging techniques, the novel approach of obtaining 
quantum state resolved differential cross-sections for chemical reactions. In 
addition, new data on the collision energy dependence of the collision cross- 
section, i.e. the excitation function, obtained by highly sensitive collision energy 
cross-beam techniques is also presented and reviewed. Another part of the paper is 
dedicated to recent advances in the study of reaction dynamics using electronically 
excited species. Emphasis is placed not only on the opening of new channels for 
chemical reactions but also on the possible outcome of the reaction products 
associated with the different symmetries of the excited potential energy surfaces. 
Finally, a section is dedicated to recent developments in studies carried out in the 
area of van der Waals and cluster reactions. The possibility of clocking the 
chemical act as well as very efficient trapping of reaction intermediates is illustrated 
with some examples. Throughout the whole paper care is taken to discuss the most 
significant features of the molecular reaction dynamic observables with reference to 
simple reaction models and/or theoretical treatments currently used in the field. 

1. Introduction 
Reaction dynamics is a major subdiscipline of a wide field of research-molecular 

dynamics-which is concerned with both intramolecular motions and intermolecular 
collisions. The fundamental aim of reaction dynamics is to understand the intimate 
mechanisms of chemical reactivity, at the most elementary level of individual, isolated, 
gas-phase collisions (Fluendy and Lawley 1973, Polanyi and Schreiber 1974, Child 
1974, Toennies 1974, Smith 1980, Berry et al. 1980, Bernstein 1982, 1984, Levine and 
Bernstein 1987, Scoles 1988, Gonzalez Urena 1991). Experimentally, it is necessary to 
control the various parameters which determine the fate of the collision and to probe 

1- FBBV Visiting Professor in the Chemistry Department of the University of Cambridge 
during 1995. 
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376 A .  G. UreAa and R. Vetter 

the reaction products in their nascent states, under the so-called ‘ single-collision’ 
conditions which are typically provided by cross-beam experiments. Theoretically, the 
first requirement is to calculate the potential energy of the reactive system by the use 
of quantum chemistry techniques and to carry out its collision dynamics using classical 
and/or quantum methods. Until now, these calculations have been reliable only for 
simple systems-generally in their ground s t a t e thus  the detailed comparison 
between theory and experiment is still rather limited. However, although restricted to 
simple systems involving a small number of atoms and electrons, experiments and 
calculations performed since the beginning of the 1960s have led to the understanding 
of the main features of reaction dynamics-among which the angular scattering of 
products is perhaps the most striking-and to the concept of realistic collision models. 
The challenge now is to extend this knowledge to chemical systems of interest for 
astrophysics, the environment, combustion, catalysis, and many other fields, which are 
outside the scope of this paper. 

Optical methods have played an important part in the development of these 
experiments, as they are well-suited for state-selected and state-resolved studies of 
elementary chemical reactions (Bernstein 1982). For instance, it has been shown since 
the very beginning that exoergic reactions involving alkali atoms and halogen 
molecules give rise to an intense emission of chemiluminescence whose spectral 
analysis yields detailed information about reaction mechanisms and cross-sections. 
With the advent of laser sources, experimentalists have had access to a sophisticated 
tool with which to widen the field of reaction dynamics. In the area of high resolution, 
for example, the use of cw tunable lasers in crossed-beam experiments has allowed for 
the selective electronic excitation of atomic/molecular reagents and for the full 
characterization of reaction products (Odiorne et al. 1971, Arnoldi and Wolfrum 
1976, Stolte et al. 1977, Zandee and Bernstein 1978, Vernon et al. 1986, Weiss et al. 
1986, Billy et al. 1986, Rahmat et al. 1986, Loesch 1986, Mestdagh et al. 1987, 
Dagdigian and Campbell 1987, Whitehead 1988, Husain and Roberts 1989). New 
effects connected with light polarization have been observed, which are able to yield a 
deep insight into the stereodynamics of the reaction (Rettner and Zare 1981, 1982, 
Menzinger 1988, Davis et al. 1990). In another area-time-resolved spectroscopy-the 
use of very short laser pulses has led to the real-time dissociation dynamics of simple 
molecular systems (Zewail 1988, 1989). Generally speaking, optical techniques are 
powerful and versatile tools to study reaction dynamics under well-specified conditions 
but their application is obviously limited to those systems whose spectroscopy is well- 
known. 

The present paper aims to provide an overview of the recent developments carried 
out in the dynamics of reactive collisions through the use of these optical methods. The 
approach used throughout this paper is close to the experimentalist’s viewpoint, 
although results are always discussed in the light of current theories and relevant 
dynamical models. Chemiluminescence and laser-induced fluorescence techniques 
applied to beam-gas and crossed-beam experiments are treated preferentially, partly 
because they are more familiar to the authors’ own research activity. Due to obvious 
limitations in the scope of a review paper, the rapid developments in gas-surface 
reaction dynamics are not treated here; the reader is directed to the recent Faraday 
Discussion No. 96 for an exciting overview of this field. 

Total and differential cross-sections are important data for characterizing the 
features of reaction dynamics, and they constitute accurate tests for the detailed 
comparison between theory and experiment. However, these quantities can be of 
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Dynamics of reactive collisions 377 

different natures: for instance, a number is measured in the case of total absolute cross- 
sections whereas a shape is required in the case of angular differential cross-sections. 
Besides, the experimental arrangements currently used in reaction dynamics offer 
contrasting characteristics which determine the very nature of the measurements; for 
instance, total absolute cross-section measurements are better achieved in gas cells or 
with beam-gas arrangements whereas angular differential cross-sections are better 
defined and measured with cross-beam experiments. Therefore it appears necessary to 
clearly identify the basic concepts and definitions used in reaction dynamics : this is the 
subject of $2 of the present paper. Various optical techniques are then presented and 
discussed in terms of their ability to characterize the state of reaction products, in $3 
by the use of lasers and in $4 through the analysis of chemiluminescence. In $5  it is 
shown how it is possible to obtain detailed information about the dynamics and 
stereodynamics of elementary chemical processes from the selective excitation of 
atomic/molecular reagents. Concluding remarks and new developments are presented 
in $ 6 .  

2. Basic definitions and concepts 
Let us assume an ‘ideal ’ single-collision experimental set-up where all the reagent 

parameters which determine the fate of the reactive collision are under control and 
where the product states are fully characterized in their nascent states. Relevant 
reagent parameters involve the kinetic energy, the internal energy as determined by 
usual atom/molecule quantum numbers, the impact parameter, and the mutual 
orientation in the centre-of-mass (c.m.). The full characterization of product states 
deals with the efficiency of the collisional process, the energy partitioning (i.e. the 
various kinetic, electronic, vibrational and rotational distributions), the angular 
scattering in c.m. and the vectorial properties of the system through correlations 
between reagent and product angular momenta. An ideal ‘ state-to-state ’ experiment 
would involve all these parameters and observables, hence detailed singly-, doubly-, 
triply-, etc. differential cross-sections whose measurement strongly depends upon the 
characteristics of the set-up. Unfortunately, such an experiment does not yet exist, 
although recent developments allow for an increasingly detailed approach to the 
reactive process: for example, the impact parameter is still out of reach even in the 
most sophisticated cross-beam experiment, but it is possible to indirectly study 
its influence in well-chosen kinematically-constrained reactions through the deter- 
mination of the ‘opacity function’ (Noda et al. 1986). 

2.1. Scalar quantities: cross-sections 
The total absolute cross-section gR measures the efficiency of the overall reactive 

process. For an A + BC + AB + C bimolecular reaction studied under single-collision 
conditions, it is usually defined as follows for a unique reaction path between well- 
defined reagent states and well-defined product states 

where dN,,/dt is the total number of AB molecules created per second at the collision 
volume (or the total flux &, of product particles), n, and nBC are the number densities 
of reagent particles, V,  is the relative velocity of reagents and A V  is the cross volume. 
From this definition, the total cross-section depends only upon scalar quantities ; it 
corresponds to the interparticle size inside which any bimolecular collision gives rise 
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378 A .  G.  UreiTa and R. Vetter 

to atomic rearrangement. Typical reaction cross-sections range between 100 Az and 
0.01 A*, examples being provided by exoergic reactions between alkalis and halogens 
and by exchange reactions between hydrogen and deuterium respectively. Cross- 
sections are generally a function of the reagent kinetic energy ET through the excitation 
function, a,(ET); they are related to reaction rate constants k(T) by convoluting 
oR(ET) with a Maxwell-Boltrmann velocity distribution : 

where k ,  is the Boltzmann constant and p is the reduced mass of the reagents. 
Equation (2) is the basic link between microscopic dynamics and macroscopic 
kinetics; it holds true assuming that the excitation function depends on the collision 
energy only. There is no complete equivalence between a@,) and k(T),  the 
determination of oR(ET) from k(T) being difficult and less accurate than the reverse 
process. 

As said before, the success of cross-beam scattering experiments has been to show 
that the reaction cross-section does involve vectorial quantities. Considering that the 
total FAB of reaction products is independent of the coordinate system, one can 
introduce the flux of AB products scattered per unit time per unit solid angle in the 
centre-of-mass direction (O,q5) as 

&l3(’, 4) = nA nBC AvoR p(e, 4) (3) 
The product o, P(O,q5) is called the differential (solid angle) cross-section with 

dimensions of area per unit solid angle: a,P(8,4) = d2a/d2w, where d2w = 
sinOdOdq5. P(6) is the (normalized) probability density that products have to scatter 
at the angle 6 with respect to the initial relative velocity. 

For a spherically symmetrical potential there is no azimuthal dependence of the 
scattered intensity per unit solid angle and one can calculate the differential (polar) 
cross-section, which represents the fractional contribution to aR from any polar angle 
8, by integrating over the azimuthal angle 

$ = I($$ sin 8dq5 = 2n (d20/d2co) sin 8. 

Hence, the total cross-section can be obtained as 

Of course, the differential cross-section a,(@ = a,P(8) is a function of the 
collision energy and should be written as aR(ET, O), the diferential (solid angle) 
excitation function. 

Very often the experimental measurement of the differential cross-section is 
restricted to that of P(6) whose shape is characteristic of the reaction mechanism. For 
instance, it was admitted long ago that the well-known harpooning mechanism which 
is relevant for direct reactions between alkalis and halogens gives rise to ‘forward’ 
scattering, i.e. scattering along the velocity of the incoming atom in c.m. This is 
because the jump of the alkali outer electron onto the neutral molecular partner occurs 
at large internuclear distances. Conversely, the ‘rebound ’ mechanism which holds for 
the reaction between potassium and methyl iodide gives rise to ‘backward’ scattering. 
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Dynamics of reactive collisions 379 

Symmetrical scattering in c.m. is often characteristic of a non-direct reaction, with 
formation of an intermediate complex whose lifetime is comparable with its rotational 
period. 

Another type of differential cross-section results when the product translational 
energy distribution is considered, that is P(E4). Now a,(Ek) = o,P(Ek) is the 
diferential cross-section for scattering into a given final translational energy. By analogy 
with equation (5 ) ,  the integral cross-section is written as 

oE = s( g) dE(, for 0 < E& c E 

where E is the total energy available to products. Similarly, the differential cross- 
section is a function of the reagent collision energy. The diferential (product energy) 
excitation function o,(E,, Eh) measures the collision energy dependence for scattering 
into a given final translational energy. Its determination generally requires the use of 
time-of-flight techniques. 

It would be desirable to measure the differential cross-section with full resolution 
of final quantum states (e’,u’,j’,m’) and full specification of initial quantum states 
(ET, e, u, j ,  m); e.g. one would like to measure the quantity 

d20(ET, e, v, j ,  m -+ e’, v’, j’, m’, B)/d20, 

where e, v, and j specify the electronic, vibrational and rotational states and rn is the 
magnetic quantum number of the angular momentum vector. Typically, electronic 
channels are rather obvious and magnetic sub-levels are not resolved in the experiment, 
so the above differential cross-section is degraded to 

d2a(ET, u, j  -+ v’,j’, 8)/d2w. (7) 
Such a differential cross-section has seldom been determined because it implies the 

measurement of angular scattering for well-defined reagent and product quantum 
states at a given, well-defined collision energy. As will be shown later in this paper, this 
measurement could be carried out by the use of optical techniques under crossed-beam 
conditions, through the high-resolution analysis of laser-induced fluorescence profiles 
(Kinsey 1977, L‘Hermite et al. 1990, Girard et al. 1991). More often, the use of optical 
techniques leads to the determination of integral cross-sections for a given set of initial 
and final states. That is, one measures the quantity 

a(E,, v,j -+ u’,j’) = S (d20(ET, v,j -+ v’J, B)/d2m) d2m (8) 
which is called the partial cross-section. Currently, state-selected cross-sections for 
production of AB products are obtained by summation over all v’ andj’ product 
channels 

o(E,, U, J )  = &,j, o(E,, v ,  j +. v‘,j’). (9) 
The normalized product state distribution for reaction with state-selected reagents 

is then defined by 

P(ET, v ? j  -+ v’,j’) = o(ET, u,j -+ v’,j’)/a(ET7 u,.f]. (10) 
In the case where beam-gas and cross-beam experiments are carried out without 

state selection of the reagents, total reaction cross-sections or product state 
distributions represent an average-thermal, for example-of the above partial cross- 
sections. 

Thus reaction cross-sections can be singly-, doubly-, triply-differential etc., 
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380 A.  G.  Ureiia and R. Vetter 

depending upon the degree of sophistication of the experimental set-up, the 
preparation of the reagents, or the characterization of the products. Indeed, they could 
also be differential with respect to the reagent’s angle of approach in c.m. or with 
respect to the impact parameter, all information which is essential to understand the 
stereodynamics of the reaction. The first approach has been realized by the use of 
various technical means (Levine and Bernstein 1987), whereas the second is still 
out of reach, although it has been possible to evaluate the influence of the impact 
parameter through the determination of the opacity function in kinematically- 
constrained reactions (Noda et al. 1986). Finally, it might be worthwhile to point out 
that even the most advanced theoretical calculations are generally not able to 
reproduce all of these details but only part of them, e.g. fine structure or vibrational 
excitation of atomic/molecular reagents, vibrational and rotational product dist- 
ributions, or stereospecificity. In the present status of the theory, t h s  is mainly due to 
the complexity and duration of the calculations. 

2.2. Vector correlation 
Since the early days of reaction dynamics the vectorial character of the elementary 

chemical reaction has been well-recognized. In this view not only scalar quantities such 
as collision energy or total reaction cross-section are important in governing the 
reactive collision. Vectorial properties such as the reagent’s orientation, orbital or 
molecular alignment can also significantly influence the outcome of the elementary 
chemical reaction. 

For the A + BC -+ AB + C reaction, the partition of the total angular momentum 
J, between the initial and final momentum of the colliding particles I, I’ and rotational 
momentum of the reactant and product molecules j, j’, has been shown to be very 
useful in the diagnosis of the reaction dynamics. The main problem is that even if one 
collides two molecular beams with well-defined speeds and directions one cannot select 
the impact parameter and its azimuthal orientation about the initial relative velocity 
vector. A currently popular way to circumvent this lack of resolution is to use vector 
correlations, particularly in laser studies, photofragmentation dynamics, and, in 
general, in the so-called ‘dynamical stereochemistry ’ field. One of the most commonly 
used correlations is that between the product rotation angular momentum and the 
initial and final relative velocity vectors. 

Figure 1 shows a pictorial representation of the so-called ‘ two-vector ’ correlation, 
both in photodissociation (half collisions) and in atom-exchange reactions (full 
collisions). The important point to consider is that photodissociation is an anisotropic 
process in which the polarization of the electric field, E,, of the photolysis laser defines 
a direction with respect to which the vector describing both products and parent 
molecule can be correlated. In consequence, one can measure and analyze the 
correlation between the parent transition dipole moment ,u and the recoil photo- 
fragment velocity vector, i.e. the ,us v correlation. Thus the angular distribution of the 
photofragments Z(0) can be described in the form (Zare, 1972) 

1 
4n: I(O)a-[1 +pP2(cosO)] 

for a non-degenerate transition, where P,(cos 0) is the second Legendre polynomial, p 
the so-called ‘ anisotropy ’ parameter, which governs the shape of the fragment angular 
distribution whose value is determined by the nature of the transition and the time 
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Dynamics of reactive collisions 381 

VECTOR CORRELATION 

FULL COLLISIONS 

J '  

HALF COLLISIONS 

J '  

Figure 1. 
bottom; half collision ; photofragmentation. 

scale of the photodissociation, among other factors. In the above equation, B is the 
angle between the space fixed axis and the target fixed axis, i.e. typically between the 
detector direction and the electric field of the laser polarization. 

In a full collision experiment, e.g. crossed-beam, beam-gas, or gas cell arrangement, 
the reference axis is the relative velocity vector so the vector correlation (top of figure 
1) is conceptually identical to that of photodissociation once this change is taken into 
account. In fact, the conventional product angular distribution of a crossed-beam 
experiment constitutes a good example of a two-vector correlation, e.g. the v-v' 
correlation. 

Let us consider the simplest kind of angular correlation, the directiondirection 
correlation between a vector X and a reference axis Z of cylindrical symmetry. The 
azimuthal angle 4 of X about 2 is thus uniformly distributed, and the polar angle 0 
between X and 2 is the observable quantity specifying the directional correlation. The 
probability distribution for 8 is typically represented by an expansion in Legendre 
polynomials 

n(0) = 1 +a,  P,(cos 0) + a2 P2(cos 0) + . . . = Xui P,(cos 0), 

Pictorial representation of the so-called two-vector correlation; top : full collision; 
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382 A .  G. Urefla and R. Vetter 

and hence the anisotropy is characterized by the Legendre moments 

~ , = ( 2 n + l ) < P , ( c o s 0 ) > ( f o r n ~  1) 

which are averages of the polynomials over the n(0) distribution. 
The anisotropy of the vector X may exhibit either alignment or orientation. These 

terms specify whether or not the distribution of X is symmetric with respect to a plane 
perpendicular to the Z axis. If reflection in this plane leaves the distribution unchanged, 
v is aligned but not oriented; only even-order Legendre moments will then be non- 
zero. If reflection does change the distribution, X is oriented; odd-order moments then 
are non-zero and measure the sense and size of the orientation. 

For a state J of the rotational angular momentum there are in general W+1 
moments in the expansions which are typically denoted by A:). Under conditions 
where axial symmetry is preserved, only the A:’) moments are non-zero. The majority 
of experiments restrict the determinable moments to no more than the fourth rank 
moment. Typically, for unpolarized or linearly polarized light the even moments A f )  
and A f )  are non-vanishing; for circularly polarized light the odd moment A:) is non- 
zero. Once these moments are properly normalized they can be written as 

Population: A$“ = 1 

Orientation: A t )  = ( ( J / J , / J / J )  ) = ( Pl(J*z> ) (12) 
Quadruple alignment: A:) = ( (J / (3J:  - J2)/J2/J) ) = 2 ( P,(J. 2) ) 

where the classical limit has been written in terms of P,, the Legendre polynomial. As 
can be seen, orientation refers to odd spatial moments of the fragment angular 
momentum vector distribution. For a diatomic fragment, orientation is equivalent to 
the existence of a preferred sense of rotation (either clockwise or counterclockwise) ; 
on the other hand, alignment is equivalent to the existence of a preferred plane of 
rotation. 

A positive quadrupole alignment, A f ) ,  indicates a parallel alignment of J along 
the 2 axis; a negative value indicates a perpendicular alignment. Experimentally 
orientation and/or alignment of a photofragment J vector can be manifest as a non- 
isotropic response to an interrogating probe laser, or as polarization of spontaneous 
emission. 

In photofragmentation dynamics experiments the rotational alignment is obtained 
by analysis of laser polarized broad band spectra. Thus, the laser-induced fluorescence 
(LIF) of a fragment, I, due to a photodissociation process is given by (Greene and Zare 
1982) 

where P ( J )  is the fragment population in the state J, B the transition probability, qo 
and q2 are parameters that depend on the transition and on the experimental geometry, 
and Af) is the rotational alignment parameter which measures the /I- J correlation, i.e. 
the correlation between the transition dipole moment /I and the fragment angular 
momentum J. Typically, when using broad band polarization spectroscopy, AF) is 
determined from the LIF intensities at different geometries via equation (1 3). 

The other correlations p.v, v .  J and p’v. j are extracted using narrow band and 
sub-Doppler polarization spectroscopy, e.g. from the analysis of the Doppler profiles 
at different geometries. The reader is addressed to the usual vector correlation 
treatments of Greene and Zare (1982) and Dixon (1986) for a full discussion of this 
topic. 

I - W )  hl+ q 2  412)} (13) 
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Dynamics of reactive collisions 383 

In chemiluminescent reactions a great deal of information about the stereo- 
dynamics of the reaction can be gained by measuring the polarization of the 
chemiluminescence emission. The degree of polarization can be directly related to the 
alignment of the rotational angular momentum of the emitter for some electronic 
transitions (see 54.4). 

2.2.1. A prototypical case: The heavy plus heavy-light reaction 
In the study of light atom exchange reactions the so-called ‘heavy plus heav-light ’ 

reaction constitutes one of the best examples in which important kinematical factors 
control the scalar and vectorial properties of the elementary chemical process. From 
the scalar point of view it is well-known that useful information about the reaction 
cross-section, including its collision energy dependence, can be gained by measuring 
the rotational energy distribution of the products. On the other hand, from the 
stereodynamical viewpoint the study of these kinematically-constrained reactions has 
often revealed a strong polarization of the product rotational angular momentum. 
This condition holds as long as the initial reactant rotational angular momentum is 
small, which is usually true under molecular beam conditions. In addition, because the 
orbital angular momentum of the reaction product is so small, a large fraction of the 
initial orbital angular momentum L is transformed into rotational angular momentum 
of the product molecule j, e.g. L N j. 

In general for the A + BC + AB + C reaction, when the departing atom is not too 
light, the angular momenta correlation adopts the form (Levine and Bernstein 1987) 

j = Lsin2p+jcos2p+dcos2p (140) 

L = Lcos2/3+jsin2/3-dcos2p t 1 4 4  
where d is a vector depending on the reaction dynamics and is given by d = 
tanP (Q, x Q, + Q ,  x Q,), Q, and Q, being the A +  BC mass-weighted coordinates. 
In the above expressions /3 is the so-called ‘skew angle’ so that 

cos’p = mA m,/(m, +mc) (mA +mB).  

Of course, for a heavy plus heavy-light system cos2p -+ 0. Therefore: 

j - L  

L - j  

which represents the kinematic limit of complete transfer of reagent orbital (rotational) 
angular momentum into product rotational (orbital) angular momentum. Whereas 
there are many examples of the (j - L) correlation from extensive analysis of product 
polarization data, little is known about the other vector correlations, e.g. the complete 
transfer of j into L (Alberti et al. 1995). 

2.3. Experimental techniques 
As said before, the ‘ideal’ experiment does not yet exist. One is faced with three 

main types of experiments to ensure single-collision conditions. Their contrasted 
characteristics offer a wide field of applications. 

2.3.1. Gas cell experiments 
In this case, the reagents are present in the cell but do not react unless a well-defined 

excitation initiates the reaction. It is generally realized by use of short laser pulses, the 
first pulse to compensate for the endoergiticity of the reaction and a second pulse to 
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384 A .  G .  Ureiia and R. Vetter 

probe the reaction products (‘pumpprobe ’ technique, Breckenridge and Umemoto 
(1981, 1984)). Reagents are kept at low pressure, and the time delay between the two 
laser pulses is adjusted to avoid secondary collisions which would thermalize the 
sample. Velocity distributions are typically Maxwell-Boltzmann, without privileged 
direction or magnitude. This means that there is no way of determining angular or 
kinetic distributions and that partial cross-sections are thermally averaged. Actually, 
for an A + BC + AB + C reaction it is possible to determine the rate of formation of 
C products by analogy with (1) 

dEC1 [CI - = C J ~  &[A] [BC] = - dt z 

where z is the time delay between the two laser pulses. In a different version of the 
experiment, the first laser pulse is used to photolyse a molecular compound AA’ whose 
component A is then able to react with the BC primary reagent (Hering et al. 1980, 
Scherer et al. 1987). In this case, the relative velocity of the reagents can be changed by 
varying the wavelength of the photolysis laser (Tsukiyama et al. 1980, van der Zande 
et al. 1991). It is also possible to obtain information about the real time evolution of 
the reactive collision, the first laser pulse being used to determine the time t = 0 and the 
second one to monitor the yield of AB products versus time. 

Recently, a novel technique has been developed in which a chemiluminescent 
reaction is induced via the absorption of a laser pulse by an atomic reagent; the 
subsequent chemiluminescence is dispersed to obtain information about product 
states. The time profile measurement of both reagent and product decays allows for 
the determination of specific rate constants in absolute values (Autrobus et al. 1995). 

2.3.2. Beam-gas experiments 
In this case a beam of particles A enters a low pressure vapour of molecules BC and 

the reaction occurs in the common volume. Due to the axial symmetry of the 
arrangement, the collision axis can be roughly defined between two extremes of 
magnitude and direction, hence the possibility of obtaining some crude information 
about angular scattering. The experiment is rather well-adapted to absolute meas- 
urements of detailed rate constants, in particular when the ‘depletion’ technique is 
used (Dagdigian and Campbell 1987). A first cw laser beam is used to decrease the 
population of a given atomic level in the beam, and a second one is used to monitor 
the product population through laser-induced fluorescence, for example. Typically in 
this experiment one obtains partial reaction cross-sections according to (9). 

As is well-known, molecular photodissociation of simple systems generates 
velocity-aligned atomic fragments that can be referenced with respect to the laboratory 
frame when the dissociation process is fast enough. If these fragments have a large 
velocity, their subsequent interaction with unreacted molecules look similar to ‘super- 
thermal beam-gas’ collisions with stationary target molecules. In this manner, it is 
possible to gain insight into the dynamics and stereodynamics of simple reactions 
under bulk conditions (Brouard et al. 1991, 1993). 

2.3.3. Crossed-beam experiments 
Crossed-beam experiments usually offer the clearest experimental conditions. Due 

to the low density of the particles, typically between lo9 and lo1’ molecules 
(Campargue et al. 1981, Miller 1988), and to the magnitude of reactive cross-sections, 
the probability of observing single reactive collisions is small and is negligible for 
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Dynamics of reactive collisions 385 

secondary reactive collisions. Since under usual conditions reagent velocities are 
generally well-defined-and can be varied in direction and magnitude-the experiment 
is well-adapted to differential cross-section measurements for angular scattering and 
collision energy dependence. From the product flux-velocity angle distributions 
measured in the laboratory frame and transformed into the c.m. system, one usually 
gets the triply-differential cross-section d30(B, w’)/d2ca dw’, where w’ is the product 
recoil velocity in c.m. (Gonzhlez Ureiia 1987). This triply-differential cross-section is 
a sum over discrete contributions from all internal states of the reaction products, 
meaning that energy-averaging smears out the quantum nature of these internal states. 
The problem is solved if, in addition, high-resolution laser techniques are applied to 
fully characterize the state of reaction products. Under these conditions, one measures 
the corresponding partial cross-sections, hence a more complete description of the 
chemical process ‘before’ and ‘after’ the reactive collision. Such an experiment is also 
well-suited to measurements with aligned/oriented atomic/molecular reagents, 
generally speaking, for all measurements which imply some anisotropy of reagents or 
reaction products. As said before, however, there is no way to control the impact 
parameter and thus follow the real time evolution of the reactive system by the use of 
short laser pulses. 

3. Laser characterization of reaction products 
The objective of this section is to show how, by the use of standard laser 

techniques, it is possible to characterize the state of reaction products and to obtain 
detailed information about the collision dynamics. It is assumed here that the chemical 
reaction yields atomic/molecular products in their ground electronic state. Essentially, 
the aim is to obtain differential angular and partial cross-sections through expressions 
(7) and (9), where the reagent state and the collision energy are not specified. This 
means that one has to determine the angular distributions in c.m. for all product 
quantum states in the first case and the various vibrational and rotational distributions 
in the second case. 

Three principal laser techniques have been involved in this enterprise : laser- 
induced fluorescence (LIF), multiphoton ionization (MPI) and coherent anti-Stokes 
Raman spectroscopy (CARS). Their common principle is detection of reaction 
products once they have been excited by absorption of laser light. The three techniques 
differ by the method of detection: in the case of LIF, by direct collection of their 
fluorescent light emission, in the case of MPI, by ionization from the excited states, 
and in the case of CARS, by induction and detection of Raman optical transitions. In 
this manner, one takes advantage of the high spectral resolution of the laser and 
probes all the product quantum states populated by the reaction just by tuning the 
laser frequency. LIF is a single photon technique which can be used with pulsed as well 
as with cw lasers; it is the only technique which has been used to carry out angular 
analyses in crossed-beam experiments, and it is by far the most popular due to its 
greater flexibility and its ability to yield quantitative results. The two other techniques 
are multiphoton, generally implying the use of high intensity pulsed lasers; MPI is 
probably a more universal technique due to the simplicity and high efficiency of ion 
collection. 

3.1. Laser-inducedjhorescence 
The LIF technique of detection involves a tunable laser beam which excites the 

sample when its frequency is tuned to an absorption transition. The subsequent 
fluorescent light emission is detected and recorded versus laser frequency, yielding the 
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386 A .  G .  Urefia and R. Vetter 

‘excitation spectrum’ E(v), which is equivalent to the usual absorption spectrum a(v). 
However, the LIF technique offers several advantages with respect to absorption, 
essentially, higher sensitivity and higher resolution. If photon counting techniques are 
used E(v)  and a(v) are connected by the simple relation 

where Z(v) is the photon count rate at frequency v, @(v) the incident photon flux, AV 
the cross volume, 6 the collection efficiency of the optics, and q the quantum efficiency 
of the photomultiplier. Since fluorescence is emitted isotropically over a whole set of 
transitions at various frequencies, the light background can be reduced to the photon 
noise of the detector, leading to a striking increase in sensitivity relative to usual 
absorption, up to a factor of lo8 when optimal conditions are fulfilled (Demtroder 
1992). E(v) is not distorted with respect to a(v) if the width of the apparatus function 
is small with respect to other sources of broadening. If the sample is a well-collimated 
atomic/molecular beam, it is possible to eliminate Doppler broadening just by 
crossing the two beams at a right angle. Then the spectral width of LIF profiles is 
mainly determined by the width of the laser oscillation and by the natural width of the 
transition. This width can be reduced to less than cm-l if tunable cw lasers are 
used (Jacquinot 1976). Lastly, it is possible to detect the polarization of the 
fluorescence emission. 

Application to high-resolution atomic/molecular spectroscopy has been studied in 
great details. For comprehensive and quantitative analyses, the reader is addressed to 
basic articles (Hefter and Bergmann 1988, Demtroder 1992). Application to crossed- 
beam experiments reveals particular aspects : 

(0 

(ii) 

(iii) 

Reaction products are probed only once. Indeed, as the fluorescence emission 
is performed over a whole set of transitions, the branching ratio toward the 
initial level is small (‘ open system’), hence there exists a small probability of 
repopulating it, a situation which is worsened by the absence of relaxation 
processes. 
For low laser energy density, the magnitude of the signal is proportional to the 
number density of absorbing molecules, but a saturation of the response 
readily occurs with energy density, even with the modest power provided by 
cw single mode tunable lasers. 
The width of fluorescence profiles is determined by the Doppler shift 
associated with the recoil velocity of absorbing molecules. Their shape is 
determined by the differential (angular) cross-section and by geometrical 
factors associated with the laser beam/collision axis geometrical arrangement. 

Under specific conditions which are described in the following, these properties 
allow for the measurement of partial and differential cross-sections, for each product 
quantum state. 

3.1.1. Total cross-section measurements 
3.1.1.1. Absolute cross-section measurements. Absolute cross-sections are measured 
by the application of (l), where the main problem is the determination of the flux of 
reaction products, (dN,,/dt) or, more precisely, of the partial flux to a given quantum 
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state. The first problem which arises is to determine if LIF leads to flux or to density 
measurements. Generally speaking, the overall probability D(u) of detecting a product 
molecule with velocity ZI in the laboratory frame can be expressed in the form 

where the probability P @ , A , v )  for a molecule in a given rovibrational level of 
absorbing one photon and re-emitting another (generally at a different frequency) is a 
function of the laser energy density p ,  the relevant transition probabilities A ,  and the 
velocity v. 6~ represents the efficiency of light collection and detection, and D is the 
solid angle of fluorescence collection. The fluorescence signal is obtained by averaging 
over the velocity distribution g(v) of the product molecules 

S = n J D(v) vg(v) dv (19) 

where n is the particle density. For low p, P(p, A ,  v) is proportional to the transit time 
inside the cross volume, ( l /v) ,  and S is proportional to n. For high p, each molecule 
is able to absorb one photon, P ( p , A , v )  becomes independent of v, and S is 
proportional to the flux n ( u ) .  

Generally speaking, the fluorescence signal for excitation from a level j to an 
excited onej’ and subsequent fluorescence t o y  is given by the Breit formula 

S(j,j ’ , j”) = C(nj/(2j+ 1)) H,r Hr,.,, Rjr,.,, 

where the proportionality constant C includes such factors as p, Q, d,?, and dipole 
transition moments. nj is the population density in levelj, summed over all magnetic 
quantum numbers m. The H coefficients stand for Holn-London factors for 
absorption and emission. R is an angular factor which depends upon the geometry of 
detection with regard to light polarization. Under usual conditions of (OJ] + (u’,j’) 
absorption and (u’$) -+ (u”,j.) fluorescence, relation (20) becomes 

where the sum is performed over v” (Bernstein 1982). The q stand for Franck-Condon 
factors, rV, is the lifetime of the upper level, v’, and S(vV,,.) is the detector efficiency at 
vVIVI. If individual rotational lines are not resolved in the spectrum, vibrational 
populations can be estimated, assuming a given rotational distribution, for example, 
a ‘prior ’, statistical distribution (Levine and Bernstein 1987); simulated spectra are 
then adjusted to the experimental one by the use of a fitting procedure. Equation (21) 
shows that to convert fluorescence intensities into product populations it is required 
that the parameters of the set-up are controlled and that the kinetics of absorption- 
emission and the relevant spectroscopic data are known. 

It is outside the scope of this paper to enter into details about the long tramping 
leading to the LIF signal, as calculated by Hefter and Bergmann (1988), for the most 
general case, by solving the appropriate system of rate equations which governs the 
evolution of state populations. It is shown that the photon count rate corresponding 
to product molecules in a given quantum state is determined by ‘molecular’ 
parameters, including transition probabilities and line-strengths, by ‘ experimental’ 
parameters involving collection and quantum efficiencies of detection optics and also 
by factors which characterize the detailed interaction between the reaction products 
and the laser field: the interaction time, the energy density of the laser, and the 
polarization and coherence time. In the case of weak excitation probability between 
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388 A .  G .  Urefia and R. Vetter 

rotational levels i andf, isotropic population of magnetic sub-levels in level i, and for 
particular polarization axis/detector axis geometrical arrangements the photon count 
rate Z(i) reduces to (see expression 9.107 in Hefter and Bergmann (1988) 

Z(j) = (1 /3) CU/V 4f S,G At(F/Y> SYI (Q/479. (22) 

Here n(i) is the population density in the rotational level i which is probed, p is the 
transition dipole moment, &f is the Franck-Condon factor, S, is the line strength, E, 
is the field amplitude, and At is the interaction time. y is the absorption width and I; 
is a width related to the spectral width yL of the laser oscillation. This expression shows 
in particular that the response is proportional to the intensity of the laser field and to 
the transit time. Generally speaking, however, there is a direct correspondence 
between Z(i )  and n(i) only in the particular cases where the non-isotropic character of 
the fluorescence emission induced by light polarization can be neglected or cancelled. 

Saturation effects observed when using pulsed lasers have been treated in detail 
(Hefter and Bergmann 1988, Altkorn and Zare 1984). In this case, the interaction time 
is determined by the coherence time of the laser, and the LIF signal is proportional to 
the particle density n(i) only if the lifetime of the upper level is short enough. The 
density n(i) can be calculated through the solution of the usual rate equations 
involving level populations, transition probabilities, and the laser energy density. In 
any case, due to the magnitude of yL, profile analyses are not feasible. 

Saturation effects may also arise when using cw single-mode lasers (Billy et al. 
1987, 1990). If the laser field is strong enough, rapid oscillations are forced between the 
two levels of the transition because the coherence time of the laser is long with respect 
to the interaction time-now the transit time At-and the lifetime z of the upper level. 
Their frtquency at resonance is described by the Raby formula (at resonance) 

f= E0(x/8) h-’ (J&lA> (u’Iu’’). (23) 
In this expression, E, is the field amplitude, ( A p l A )  is the transition dipole 

moment, ( z I ’ I u ” )  is the Franck-Condon factor and the (n/8) factor arises from the 
overlapping of the angular part of the two wavefunctions. With normal energy 
densities provided by cw lasers and for large values of the dipole moment, the period 
T = l/fof these oscillations is easily shorter than At, so that many forced oscillations 
take place during the interaction time. In addition to level populations, one has then 
to introduce optical coherences between the two levels of the transition to solve the 
Schrodinger equation and to obtain the evolution of the populations (‘coherent 
saturation regime’). When particular conditions are fulfilled, T Q At and T a  Q z At, 
the LTF signal becomes proportional to E,, not to Et ,  hence saturation is observed 
with laser intensity. The interaction between molecules at rest and the laser field is 
conveniently described by a Lorentzian whose width is equal to Av, =fiAt/z)l” and 
whose intensity at resonance provides the efficiency of the absorption process (Girard 
1987). Currently, because reactive collisions occur inside the collision volume at 
various places with respect to the probe beam, one has to estimate the actual, effective 
transit time (L‘Hermite et al. 1991). 

This technique has seldom been applied to the measurement of absolute cross- 
sections. In addition to dealing with the difficulties inherent to crossed-beam 
experiments (Gonzalez Ureiia and Vetter 1993, 1995), it requires the use of single- 
mode tunable lasers to determine the area of fluorescence profiles, the control of 
various experimental and physical parameters among which the spectral and spatial 
energy density of the laser beam plays a major role, and finally, the knowledge of 
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Figure 2. Nascent rotational state distribution of MgH X ?Z+(v’’ = 0) (filled circles). The 
‘prior’ statistical distribution is shown for comparison (open circles). The difference 
between the two previous distributions (open squares) shows the component at low values 
of the rotational quantum number (from Breckenridge and Umemoto (1984)). 

relevant molecular parameters. Moreover, it often requires the prior determination of 
specific characteristics of the reaction under study, for instance the transit time, which 
is itself a function of the product recoil energy. To our knowledge it was first applied 
to the crossed-beam study of the Cs(7p ‘P) + H, + CsH 4- H photochemical reaction, 
where a cw single-mode tunable dye laser was first used to excite caesium atoms 
toward the 7p2P state and a second cw single-mode tunable dye laser was used to 
record laser-induced fluorescence profiles under coherent saturation conditions 
through photon counting techniques (L’Hermite et al. 1990, 1991). For this reaction, 
which proceeds through a non-adiabatic harpooning mechanism (Gadea et al. 1986), 
it was possible to give absolute values for partial and total reaction cross-sections 
associated with the two fine structure levels of caesium, and so to show the influence 
of spin-orbit coupling on the reactivity of caesium (Gadha and Durup 1987, GadCa et 
al. 1988). Although affected by large error bars, these measurements allowed for 
comparison of the reactive cross-sections under study with the inelastic cross-sections 
related to underlying quenching potential energy surfaces associated with the 6s 
6p ‘P, 5d ,D and 7s ‘S states of caesium (L’Hermite et al. 1991). 

3.1.1.2. Relative cross-section measurements. Relative measurements are of course 
much easier, as a number of molecular and experimental parameters disappear when 
directly comparing the signals related to two close product states. For example, for 
non-saturated ‘pump’ transitions, the LIF signals corresponding to two rotational 
levels within the same vibrational state are simply related by 

By the use of this technique, one normally determines the rotational and vibrational 
distributions of the reaction products according to (20) or (21). Since the pioneering 
work of Dagdigian and Zare (Cruse et al. 1973, Zare 1979), many experiments have 
been carried out with pulsed and cw lasers, from which a lot of essential information 
can be deduced. Figure 2 represents, for example, the nascent rotational distribution 
obtained for the Mg(3s3p ‘PI) + H, + MgH + H reaction in the X ,C+ (0’’ = 0) level of 
MgH. The measurements performed in a ‘pumpprobe’ experiment with pulsed lasers 
indicated two components, at low and high values of the rotational quantum number, 
corresponding to two reaction mechanisms, abstraction and insertion, respectively 
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Ec=0.045 eV 
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30 c I Ec= 0.09 eV 

h 

v) 

0 5 10 J“r15 20 
Rotational state distribution of CsHX lZ+(d’ = 0) (circles) at two collision energies. 

The dashed curves represent ‘prior’ statistical distributions and the full curves the ‘prior’ 
with a surprisal parameter equal to 1 (from L’Hermite et al. (1991)). 

Figure 3. 

(Breckenridge and Umemoto 1984). Figure 3 represents the rotational distributions 
observed at two collision energies in the X ’ F  (0’’ = 0) level of CsH following the 
aforementioned photochemical reaction between caesium and hydrogen (L’Hermite et 
al. 1991). These distributions, whose shape is close to ‘prior’ statistical ones, could be 
interpreted by quasi-classical trajectory calculations assuming ‘ direct ’ and ‘ indirect ’ 
collisions. Direct collisions, associated with large impact parameters, correspond to 
the classical harpooning mechanism, whereas indirect collisions, associated with small 
impact parameters, lead to the formation of a Cs-H, intermediate complex whose 
lifetime is long enough to allow for charge migrations between the two hydrogen 
atoms (L‘Hermite 1992). Figure 4 represents simulated LIF spectra calculated for the 
Si + N,O + SiN +NO reaction at various collision energies, where statistical rota- 
tional distributions were assumed to take place in the X2Z+ state of SiN. From the 
comparison of these spectra with the experimental spectra, it was possible to deduce 
the reaction endoergiticity and the dissociation energy of the SIN molecule (Naulin et 
al. 1993). 

3.1.2. Diyerential cross-section measurements 
Under crossed-beam conditions it is usual to consider the Newton diagram, where 

velocities in the laboratory frame are decomposed into c.m. velocity and velocity in 
c.m. (figure 5) .  The usual technique for determining the differential cross-section is to 
rotate a mass spectrometer around the collision volume and to measure the flux of 
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Dynamics of reactive collisions 39 1 

Figure 4. LIF simulated spectra due to the Si + N,O -+ SIN + NO reaction at three collision 
energies, actually the total energy available to products. Em, ‘v 0.05 eV, 0-10 eV and 
0.1 5 eV. The comparison with the spectrum obtained under crossed-beam conditions 
shows immediately that E,,, ir 0.10 eV hence the endoergicity of the reaction and the 
dissociation energy of SiN (from Naulin et al. 1993)). 

Figure 5. Newton diagram. AB products scatter at the angle 8 with respect to the velocity w, 
of the incoming atom in c.m. 

reaction products versus the angle a. I(@ or P ( @  are obtained in c.m. after a complex 
deconvolution taking initial distributions and dispersions of velocities into account 
(angle and modulus). On the contrary, as demonstrated many years ago by Kinsey 
(1977), and recently reviewed by Mestdagh et al. (1994), the use of LIF can yield P(0)  
directly in c.m. by analyzing the shape of fluorescence profiles, which are primarily 
determined by the shape of Doppler profiles due to the product recoil velocity w in c.m. 
One considers the Doppler shift 6v between the resonance absorption frequency v,, of 
the reaction products and their actual absorption frequency v. 6v is a function of both 
8 and w and also of the geometrical arrangement of the probe laser beam with respect 
to the collision axis. As expected from Q 3.1.1, saturation effects should be invoked 
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here through the profile deformation that they induce (Billy et al. 1990). Following 
L’Hermite et aE. (1990), one considers the following two beam arrangements. 

3.1.2.1. Parallel arrangement. In this case, the laser beam axis is adjusted along the 
collision axis. As it is not perpendicular to the c.m. velocity in general, a constant 
Doppler shift results which does not change the shape of Doppler profiles but only 
accounts for the distribution of w in c.m. Owing to the axial symmetry of angular 
scattering with respect to the collision axis, the angle a between w and its projection 
over the laser axis is identical to 8. Accordingly, the following Doppler relation holds 
for 6v 

4v = vo (:) cos e, (25) 

where c is the speed of light. N being the total number of scattering molecules, the 
number of molecules which scatter between 8 and B+dB is (see equation (5)) 

dN = 27cNP(B) sin 8 do. (26) 
From the Doppler relation, these molecules are excited in the frequency interval 

dv = v0 - sin Ode. (3 . 
The Doppler profile is proportional to the number of product molecules per 

spectral element 

Accordingly, there is a direct connection between D(v-vo) and P(O), with the 
quantity 2xoP(I3) sin 8 representing the fractional contribution do/d8 for scattering at 
8. With this beam arrangement, the angular resolution dv/d8 is lowest for I3 values 
around 0 and x. However, it is not suitable for attaining high signal-to-noise ratios, 
since the adjustment of the laser beam along the collision axis generally yields stray 
light in the collision chamber; moreover, it depends on the reagent kinetic energy. 

3.1.2.2. Perpendicular arrangement. In this case, the laser beam axis is perpendicular 
to the reagent velocities in the laboratory frame and to the collision axis. The relation 
between D(v-v,) and P(8) is not direct because 8 is now a function of a and the 
azimuthal angle 4 between the collision axis and the projection of w over the collision 
plane (8 = arc cos (sin a cos 4)). The same kind of calculation as for the parallel case 
leads to 

The determination of P(8) is then not direct because the products which scatter at 
8 and at (K - 8) lead to the same absorption frequency in the Doppler profile. In other 
words, it is not possible to distinguish ‘forward’ from ‘backward’ scattering-or their 
sum. In all cases, the Doppler profile is symmetrical with respect to vo, and the angular 
resolution is lowest for 8 values around x/2. This arrangement is most suitable in 
crossed-beam experiments as it leads to a minimum of stray light in the collision 
chambers. 

The unambiguous and accurate determination of P(I3) results from measurements 
taken from these two arrangements, which appear more complementary than 
contradictory. It was shown that two different beam arrangements-not necessarily 
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, : . : : , 100 MHz 
( b l  Perpendicular case 

, : : : : , 100 MHz 
(a )  Parallel case 

Figure 6. Recorded LIF profiles of CsH lX+(u” = 0) for J” = 1 1 with a parallel arrangement 
(a) and a perpendicular one (b). Dots represent the result of a best fit calculation assuming 
a forward peaking of products superposed to an isotropic one (from L‘Hermite et al. 
(1990)). 

parallel or perpendicular-are enough to determine P(8) through a deconvolution 
procedure followed by a numerical inversion method (Serri et al. 1981 b). This method 
was applied successfully to inelastic scattering measurements under crossed-beam 
conditions (Phillips et al. 1978, Serri et al. 1981a, Moskowitz et al. 1984, Smith et al. 
1984). It was applied for the first time to reaction scattering on the NO,+H -+ 

NO + OH reaction (Murphy et al. 1979) and later on the Cs(7p ”) + H, +. CsH + H 
and I, + F -+ IF + I reactions. In the case of caesium and hydrogen, the photochemical 
reaction is quasi-isoenergetic, so that the kinetic energy available to CsH products is 
necessarily small, leading to very narrow Doppler profiles (L’Hermite et al. 1990). In 
spite of this difficulty, it could be shown that the differential cross-section presents a 
pronounced peaking for small 8 values superposed to a flat, continuous background 
for all 8 angles. Figure 6 shows the comparison between recorded and calculated 
fluorescence profiles obtained with parallel and perpendicular arrangements. 
Following the quasi-classical trajectory calculations performed for this reaction 
(L‘Hermite 1992), the peaking would result from direct collisions with large impact 
parameters whereas the background would result from indirect collisions with small 
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Chemiluminescence signal as a function of time after the laser pulse. The broken Figure 7. 
lines indicates dc level with laser off (adapted from de Vries et al. (1983)). 

impact parameters. This shape was shown to vary slightly with reagent kinetic energy 
but not with the rotational quantum number of CsH. As for the reaction between 
iodine and fluorine atoms, it was possible to show that the differential cross-section is 
generally flat at high Jvalues ( z  150) and peaks preferentially in the forward direction 
at low Jvalues (Girard et al. 1991). To our knowledge, this was the first time that this 
kind of variation had been observed directly in reactive scattering. The interpretation 
was based on the assumption of direct collisions and migratory ones but, unfor- 
tunately, potential surfaces and collision dynamics could not be calculated for this 
reaction. 

3.1.3. Reagent and product polarization experiments 
Laser photodissociation can also be used to selectively remove most of the m state 

distribution of a molecular reagent. Thus, the orientational dependence of the reaction 
cross-section can be studied. Recently, the orientation dependence on the Xe* + IBr 
reactions was studied (de Vries et al. 1983). Essentially, the reaction of metastable Xe* 
with IBr to produce XeI* and XeBr* excimers was studied in crossed molecular beams. 

Figure 7 shows the excimer emission intensity as a function of time after the laser 
pulse. The broken line indicates the chemiluminescence intensity with the laser off and 
the particle beams on. The laser pulse depletes the IBr beam within and just before the 
Xe* interaction region. Note how the dip in the IBr beam intensity moves through the 
Xe* beam, the excimer emission decreases to a minimum of about 5 ps, and then 
increases back to the dc levels as the dip exits to the crossed-beam region. In the 
experimental arrangement, the laser beam was orthogonal to the particle beams. The 
light was linearly polarized, and the light plane was rotated using a half-wave plate. 

The reaction cross-section was found to be largest when the Xe* approaches 
parallel to the plane of rotation of the IBr, and smallest when the Xe* approaches 
perpendicular to the plane of rotation. These results were rationalized by steric effects 
resulting from the anisotropy of the ionic Xe+/IBr- (TI) potential surface, i.e. the first 
excited state of IBr-. which is the intermediate state in the formation of XeI*. 

3.1.3.1. Beam-gas studies: bimolecular reaction dynamics in a bulb. As is well-known, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
0
6
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



Dynamics of reactive collisions 395 

Awl cm4 

Awl cm-1 
Figure 8. Representative Doppler broadened profiles from (a) NO(v' = 16, N" = 32) in 

pumpprobe geometry with both laser photolysis and probing electric vector parallel, (b) 
same as for (a) but with both electric vectors perpendicular and (c) NO(v' = 17, N' = 23) 
with both laser parallel (adapted from Brouard et al. (1 992)). 

many simple molecular photodissociation systems generate velocity aligned atomic 
fragments that can be referenced to the laboratory frame when the dissociation is a fast 
process. If the fragment velocity is very large, subsequent collisions with unreacted 
molecules in the gas cell closely resemble the ' super-thermal beam-gas ' conditions 
having stationary target molecules. When the nascent bimolecular reaction products 
are measured under single-collision conditions one can obtain insight into the 
dynamics and stereodynamics of these so-called ' beam-gas ' studies of bimolecular 
reactions dynamics in a bulk. Indeed, Doppler resolution of the polarized, laser- 
induced fluorescence spectrum can allow for the determination of both scalar and 
vectorial product distribution. A typical example of this new technique is the 
stereodynamical study of the highly exothermic reaction 

O('D) + N,O 4 N O  + NO 

following the generation of super-thermal velocity aligned O(lD) atoms via photo- 
dissociation of N,O at 193 nm (Brouard et al. 1991). 

Figure 8 shows a representative Doppler broadened profile obtained from the 
O(lD) + N,O + NO (v' = 0)  +NO (v' = 16,17) reaction. The Doppler profile corr- 
esponds to NO(u' = 16," = 32) product molecule, whose laboratory velocity 
distribution is shown in figure 9. In this study by Brouard et af .  (1992), it was 
concluded that the wider distribution of NO(v' = 16,17) velocities primarily reflects 
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v'l ms-1 

Figure 9. The experimentally determined NO(v' = 16, N' = 32) product lab velocity dis- 
tribution arising from the photoionization O(*D) + N,O reaction (adapted from Brouard 
et al. (1 992)). 

the range of collision velocities employed in this hot atom (via N,O photodissociation) 
reaction. Nevertheless, the analysis of this Doppler resolved, polarized-laser-induced 
fluorescence led to the conclusion that the above reactive channel proceeds via direct 
stripping dynamics. In addition the observed product state selective linear and angular 
momentum d~sposal was rationalized implying a collinear transition state con- 
figuration. 

This method constitutes a good example of how high-resolution, polarized laser 
pumpprobe techniques can be complementary to high-resolution crossed molecular 
beam experiments to unravel the detailed molecular mechanism of reactive and non- 
reactive collisions. 

3.1.3.2. Product rotational angular momentum alignment by laser-inducedjuorescence. 
During the atom exchange reaction A + BC -, AB + C the total angular momentum is 
conserved j + L = L + L. Here L and L are the reagent and product orbital angular 
momentum and J, J the reagent and product rotational angular momentum. In 
discussing the product angular distributions one deals with one of the simplest kinds 
of angular correlation (McClelland and Herschbach 1978), the so-called ' direction- 
direction' correlation between the v' and v vectors, e.g. the product velocity versus 
reagent relative velocity. As was mentioned earlier, another interesting type of 
two-vector correlation is that of j'sv which is described by the 8 angle formed between 
both vectors. For the atom exchange reaction we are considering, in the limit of L = 
j (pure kinematic limit), only the two even Legendre moments need to be considered, 
so the angular distribution of j is given by Q, = 0 5  and A ,  = a,/a, = -2.5 < P2Q'. v) >. 
In principle, it is possible to obtain A ,  = a,/a, and A ,  = a,/ao by performing four 
laser-induced fluorescence polarization measurements. For a parallel type transition, 
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Table 1 .  Alignment parameters (P,(J.  v)) for several reactions. 

Reaction (Pz(J.v)) Method Ref. 

Sr + CH,Br + SrBr + CH, - 0.323 LIF Li et al. (1994) 
Sr + C,H,Br + SrBr + C,H, -0.235 LIF Li et al. (1994) 
Sr+ C,H,Br -+ SrBr + C,H, -0.195 LIF Li et al. (1994) 
Ca(’D,)+HBr -+ CaBr(B) +H -039f0.012 Chem. Garay et al. (1995) 
Ca(lD,) + HCl + CaCl(l3) -0.41 k0.02 Chem. Menkndez et al. (1993) 

Ca(lD,) + HC1+ CaCl(B) -044kO-02 Chem. Prisant et al. (1981) 
+H(ET = 0.1 eV) 

+H(ET = 0.17 ev) 

i.e. the one for which the transition moment lies along the internuclear axis, and under 
the simplified beam-gas conditions, it can be shown that 

in which the direction of the beam, laser and detection are defined as the z ,  y and x axis, 
respectively. 

Table 1 shows (P, (j’sv) ) values for the Sr + RBr reaction as a function of the 
radical group, being the rest of conditions the same (Li et al. 1994). The larger 
deviations from the heavy + heavy-light kinematic limit (given by P, = - 0.5) as the 
size of the radical group increases is noticeable. 

Not only can the deviation from the kinematic limit lead to a lack of strong 
polarization of the product rotational angular momentum. It may also be due to the 
presence of the product orbital angular momentum because of dynamical factors (see 

3.2. MPI, CARS and other techniques 
In the case of LIF, one uses a tunable laser to induce absorption by the sample and 

to monitor its subsequent fluorescence. Instead, in MPI and CARS, a second laser, at 
fixed frequency, is used to ionize the sample once excited or to create a coherent 
emission of light (Hefter and Bergmann 1988, Demtroder 1992). 

In the case of MPI, the photo-ions are extracted from the interaction volume by an 
external field, accelerated and collected with high efficiency. In this technique one, 
two, three etc. photons can be used as well to ionize the sample ((1 + l), (1 + 2), (1 + 3) 
. . . processes); the response of the system is enhanced when the photon frequency 
coincides or is close to an energy difference between intermediate molecular levels 
(REMPI) (Meier et QI. 1985, Jacobs et al. 1986). The stationary population density is 
obtained by solving usual rate equations using absorption, emission and ionization 
cross-sections. Their solution shows that the intensity of the second laser has to be 
much larger than that of the first (tunable) laser, which means that, in practice, high 
intensity and high repetition rate pulsed lasers must be used. As a consequence of the 
resulting saturation, the absolute population calibration versus laser intensity is an 
even more complicated problem than for LIF; it can only be solved in the case of a 
resonant (1 + 1) process (Jacobs and Zare 1986). Due to the large spectral width of 
pulsed lasers, profile analysis is generally not possible for chemical reactions at 
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- 
0.0 0.2 0.4 0.6 

9, 

Figure 10. HD rotational distribution obtained for v = 1 and 2 from the reaction H + D, + 
HD + D using REMPI technique (adapted from Mariner0 et al. (1984)). 

thermal energy. On the contrary, as the technique is very sensitive, it was used in the 
particular case of the H + D, + H D  + D exchange reaction-with very small cross- 
section-to determine the rotational distributions at various collision energies by Zare 
and co-workers (Mariner0 et al. 1984). The state-specific detection of HD products 
could be accomplished by resonant two-photon UV excitation to the double minimum 
E, F 'Z: state. Once this state is reached, a subsequent photon is absorbed to produce 
the HD+ ion which is collected. In addition, mass spectroscopy is used to separate the 
desired ions from the ones created. In addition, mass spectroscopy is used to separate 
the desired ions from the ones created by the intense UV laser source. The HD rota- 
tional distributions obtained for v = 1, 2 are shown in figure 10. 

The reactions of O('D) atoms with HCI, OC1 and C1, molecules were studied by the 
same (2+ 1) REMPI technique (Shatter and Bershom 1991). The first reaction, which 
leads either to OH + C1 or to OC1+ H products, has shown a large isotopic effect since 
the yields with HCl reagents are always larger than those of the DCl reagents. From 
this result, it could be concluded that the two products are formed via different 
mechanisms: abstraction in the first case, insertion in the second. Actually, the 
reaction which leads to OH + C1 products offers two reaction paths 

OD('I3) + C1(2P,/,) 
7 

O('D) + DCI 
L 

OD(W) + C1(2P,I,) 
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Figure 1 1. Extracted differential cross-section for (a) HCl(o’ = 1, J’ = 1) and (b) HCl(u’ = 1 ,  
.I’ = 3) from the reaction Cl(3P,,,) + CH,(u, = 1, J = 1) at centre-of-mass collision energy 
0.159 eV (adapted from Simpson et al. (1993)). 

From the measurement of the branching ratio [Cl(aPp,,,)]/[Cl(~Pp,,~)], it could be 
concluded that the two reaction paths are non-adiabatic. 

Production of hot reagent atoms in a bulk (52) and application of the LIF or 
REMPI techniques of detection can be used for the measurement of product angular 
distributions in state-to-state reactions (Shatter et al. 1993). Although there are some 
limitations inherent to this new technique, it clearly represents a step forward in the 
study of reaction dynamics, which is complementary to high-resolution cross-beam 
experiments. It may gain a significant enhancement in signal-to-noise ratio, but it is 
restricted to reactions with favourable energetics and mass combinations. 

Figure 11 shows the HC1 differential cross-sections resulting from the 
Cl(3P,,,) + CH, (v, = 1, J = 1) reaction, for two rotational levels of HCl (v = 1) at a 
c.m. energy of 0.159 eV (Simpson et al. 1993). The reaction was initiated in a mixture 
of methane and chlorine in helium carrier gas by laser photolysis of C1, at 355 nm, 
whereas methane molecules were excited into the (v3 = 1, J = 1)  asymmetric stretch 
mode by infrared absorption. Following a 100 ns time delay to allow for reaction, the 
HCl products could be probed by a (2 + 1) resonance-enhanced multiphoton ionization 
which led to the determination of the differential cross-sections for two specific 
rotational levels of v’ = 1. The data analysis demonstrated interesting dynamics 
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1.0 (a) 

v = 2  

0.0 c 
0 2 4 6 8 10 12 1 

J 

Figure 12. Rotational distribution of the nascent HD formed from the H+D, + HD+D 
reaction. Filled points are experimental results obtained by REMPI (adapted from 
Mariner0 et al. (1984)) (filled squares) and CARS from Gerity et al. (1983) (filled circles). 
Full curve is a theoretical fit from surprised analysis, dashed curve is the theoretical 
results from quasi-classical trajectory calculations (adapted from Blais and Trublar 
(1 983)). 

leading to forward scattering rotationally cold HCl products, consistent with an 
impulsive interaction along a quasi-linear C1-H-CH, transition state. 

In CARS (Druet and Taran 198l), two laser beams at frequency w, and w, are 
focused in the reaction volume. When the frequency difference w, = w1 - w2 is equal 
to a Raman frequency of the molecular product, a nonlinear polarization of the 
medium is induced for coilinear beams, resulting from the ' phase-matching ' condition 
about wave vectors: k, = 2k, -k2. Then, an anti-Stokes wave travels along the 
common direction of the two beams at the frequency 0,. Its intensity is proportional 
to the population density of the initial level and to the product of the laser intensities. 
The advantage of the technique is that it can be applied to molecules without 
permanent dipole, such as H, or N, which do not absorb in the visible spectrum. This 
is precisely why it could be applied by Valentini and co-workers (Nieh and Valentini 
1988,1990) to characterize the H + D, -+ HD + D reaction. For illustration, rotational 
distributions are shown in figure 12 for v = 1 and 2, together with results of quasi- 
classical trajectory calculations (Blais and Trublar 1983). 
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The high sensitivity of the CARS technique has been applied to the investigation 
of quenching and photochemical processes in collisions between Na(3p) excited atoms 
and hydrogen molecules in a series of bulk experiments (Pichler et al. 1992, Motkus et 
al. 1992). This system, which was studied theoretically in great detail, offers interesting 
properties as it leads to the formation of NaH molecules and crystallites, although the 
initial Na(3p) +H, + NaH + H  photochemical reaction is endoergic by 0.5 e. Owing 
to time-resolved experiments, it could be shown that NaH molecules are probably not 
formed via the two-step process involving energy-pooling collisions 

Na(3p) +Na(3p) + Na(Ss, 4d) + Na(3s) 

Na(Ss, 4d) + H, + NaH + H 

but rather via the following quenching mechanism leading to vibrationally hot 
hydrogen molecules 

Na(3p) + H,(u” = 0) -P Na(3s) + H,(u” = 1,2,3) 

Na(3p) + H,(v” = 1,2,3) + NaH + H 

The NaH loss which occurs later was attributed to cluster formation, as is probably 
the case in caesium and hydrogen mixtures (‘laser snow’, Tam et af .  (1975)). In further 
developments, degenerate four-wave mixing spectroscopy was used to determine 
rotational and vibrational temperatures in the NaH formation following the previous 
reaction (Motzkus et al. 1992). 

3.2.1. Reaction product imaging 
Recently a new technique for obtaining differential cross-sections with both 

product state resolution and simultaneous detection of all scattering angles has been 
developed. It is called reaction product imaging (Suits et al. 1992, Kitsopoulos et af .  
1993). In this technique the three-dimensional velocity distribution of state-selected 
reaction products is determined by ionizing the desired reaction product, and 
subsequently accelerating the ion onto a position sensitive detector. The ion images 
appearing on the detector are two-dimensional projections of the three-dimensional 
product velocity distribution. Whereas visual inspection provides immediate quali- 
tative information about the reaction, mathematical analysis can provide detailed 
differential cross-sections. Ion imaging techniques began in 1987 (Chandler and 
Houston 1987) for the measurement of photofragment velocity distributions (speed 
and angle) from unimoiecular dissociation processes. One of the interesting features of 
the technique relies on the fact that only one image is all that is required to define 
uniquely the three-dimensional (3D) angular distribution. This novel technique has 
been used to investigate the inelastic collision process 

Ar+N0(2~,,,,u=0,J=0,5)+Ar+N0(211,,,,v=0,S) 

at collision energy of 021 eV by Suits et al. (1992). This ion imaging technique has 
also been applied for the measurement of the differential cross-section for the 
H + D, + HD + D reaction in which the D atom product was imaged (Kitsopoulos 
et al. 1993). The reaction was studied at relative collision energies of 0.54 and 1.29 eV. 
By integration of the intensity of the reconstructed images, the experimental angular 
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distribution can be estimated allowing for quantitative comparison with theoretical 
calculations. The obtained differential cross-section for D atom production showed 
forward scattering in overall good agreement with quasi-classical trajectory 
calculations, carried out by Aoiz et al. 1992, based on the LSTH (Liu- 
Siegebahm-Truhlar-Horowitz) potential energy surface. 

4. Characterization of reaction products by chemiluminescence 
When the chemical reaction is highly exoergic, a significant fraction of the products 

can be formed in electronically excited states. This feature was recognized in bulk 
experiments in early reaction dynamics studies (Polanyi 1932) and was observed later 
in molecular beam experiments (Jonah et al. 1972). Typically, the product internal 
distributions for atom exchange reactions are determined by measuring their 
vibrationally and rotationally-resolved infrared chemiluminescence spectrum under 
single-collision conditions, by the use of fast time-resolved Fourier transform 
spectroscopy (Aker and Sloan 1985). In the following, reference is made to ultraviolet 
or visible chemiluminescence. After proper detection and spectral analysis, chemi- 
luminescence spectra can be used for the determination of reaction dynamics and 
stereodynamics, essentially from the measurement of total and partial cross-sections 
and from the analysis of polarization data. 

4.1. Total cross-section measurements 
For chemiluminescent reactions involving electronically excited reagents, a novel 

method of determining absolute densities of particles has been developed (Dagdigian 
1978). Let us consider the M* + XY + MX* + Y reaction. The intensity of the signal 
related to the fluorescence emission of a metastable atom is connected with its emission 
rate R; by 

in which, as before, AV is the emission volume, 611 is the overall collection and 
detection efficiency, and l2 is the solid angle of collection. Here, RZ is equal to the 
number density ng divided by the lifetime 7; of the excited atom since, on average, one 
photon is emitted in each period 7; if one excited atom permanently exists in the 
emission volume. In the same manner, the chemiluminescent emission of the MX* 
products is related to their emission rate RZX by 

By analogy with equation (l), the chemiluminescence cross-section is defined as 

The major purpose of the method is that the measurement in situ of the light 
emission due to the metastable atom and the reaction products eliminates, upon 
normalization, all the difficulties associated with the calibration of the excited reagent 
density, the size of the emission volume, the solid angle of collection and the detection 
efficiency. 

Figure 13 displays the chemiluminescence spectrum for the Ca(lD,) + HBr + 
CaBr* + H reaction (Garay et al. 1995). The spectral range selected includes both A-X 
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590 600 61 0 620 630 640 

h l n m  
Figure 13. Chemiluminescence spectrum for the Ca(lD,) + HBr --+ CaBr* + *H reaction. Both 

A and B-X molecular bands with their Av = 0 f 1 sequences are depicted. 

Table 2. Absolute values of oB obtained for several chemiluminescent reactions. 

Reaction %(A2) Ref. 

Ca(") + SF, + CaF(A) + SF, 
Ca('P) + SF, + CaF(B) + SF, 
Ca(lD) + SF, + CaF(A) + SF, 
Ca(lD) + SF, + CaF(B) + SF, 
Ca(,P) + C1,C + CaCl + C1,C 
Ca(lD) + CI,C + CaCl+ CI,C 
Ca('P) + N,O --f CaO + N, 
Ca('D) + N,O + CaO + N, 
Ca(lD,) + HCI --* CaCl(A) + H 
Ca(lD,) + HCl+ CaCl(B) + H 
Ca('D,) + HCl --f CaBr(A) + H 
Ca('D,) + HBr --$ CaBr(B) + H 
Ca(lDJ + CH,OH + CaOH(A) + CH, 
Ca('D,) + C,H,OH CaOH(A) + C,H, 
Ca(lD,) + CH,OH + CaOH(B) + CH, 
Ca(lD,) + C,H,OH -+ CaOH(B) + C,H, 
Ca(,P,) + CH,OH + CaOH(A) + CH, 
Ca(,P,,) + CH,OH + CaOH(B) + CH, 

0.54 
0-12 
0.59 
004 
0.25 
1.77 
4.80 
3-60 
1.04 _+ 0.1 7 
0.14 f 0.02 
2.2 & 0 9  
052 _+ 0.24 
0.01 1 0.005 
0-007 f 0.004 
0-003 f 0-001 
0.001 & 00006 
0.002 f 0.00 1 
00004 f 0.002 

Verdasco et al. (1987) 
Verdasco et al. (1987) 
Verdasco et al. (1 987) 
Verdasco et al. (1987) 
Verdasco et al. (1990) 
Verdasco et al. (1 990) 
Irvin and Dagdigian (1 98 1) 
Irvin and Dagdigian (1981) 
Menendez et al. (1 993) 
Menendez et al. (1993) 
Menendez et al. (1 993) 
Garay et al. (1995) 
Esteban et al. (1994) 
Esteban et al. (1994) 
Esteban et al. (1994) 
Esteban et al. (1994) 
Esteban et al. (1994) 
Esteban et al. (1994) 
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A + X  

AV=O 

L . 1 .  . . . I . . . . I . . . . I . . . .  I 
450 500 550 600 650 

h l  nm 
Figure 14. Chemiluminescence spectra (corrected with the spectral response) for the 

Ca* + ROH reactions : (upper trace) propanol, (middle) ethanol and (lower) methanol 
(adapted from Esteban et al. (1994)). 

and B-X molecular emission bands of CaBr, with their Av = 0, & 1 sequences. Figure 
14 displays the three chemiluminescence spectra corresponding to the Ca* + ROH + 
CaOH + R reaction family, with R = CH,, C,H, and C,H,. The spectra show similar 
overall features, e.g. the Ca(lD, -+ ' S o )  metastable emission and two broad molecular 
bands centred at 554 and 623 nm. From the integrated intensities and a proper 
calibration of the signal versus the spectral response of the set-up, one obtains absolute 
chemiluminescent cross-sections (table 2), in which it is interesting to note the negative 
dependence of the Ca* + ROH cross-sections as the radical group increases, a trend 
explained by more steric hindrance versus the size of the group. 

In a different technique, the Ca('Pj) + CH,I + CaI (A, B) + CH, chemiluminescent 
reaction is induced by laser excitation of calcium atoms in the presence of CHJ and 
helium buffer gas at high temperature (Basterrechea et al. 1991). Figure 15 displays 
the corresponding broad band spectrum (spectral resolution w 4 nm) with the 
Ca(4s4p "Pj --f 4; 'So) resonance emission at 657 nm and the combined Cal(A 213, 
B %+ -+ X %+) systems where the sequences Au = 0, f 1 are separated. 

4.2. Product internal state distributions 
Due to the high degree of product internal excitation and to the typically low 

spectral resolution, chemiluminescent spectra are not well-resolved, so a decon- 
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.. 
I 

620 630 640 650 660 
h l n m  

Example of the laser-induced chemiluminescence technique for the Ca(3Pl) + CHJ 
+ CaI(A, B) + CH, reaction. It is shown a broad band chemiluminescence spectrum 
(optical resolution - 4 nm) indicating atomic resonance fluorescence emission at A = 
657.3 nm Ca(4s 4p(,P1) -+ Ca (4s2('S,)) and molecular chemiluminescent emission from 
the combined CaI(AeI'I, B2C+ -+ XzC+) systems (Av = 0, 1 and 2 sequences) following the 
pulsed dye-laser generation of Ca(",) from atomic calcium vapour in the presence of 
CH,I and helium buffer gas at elevated temperature (adapted from Basterrechea et ul. 
(1991)). 

Figure 15. 

volution is often required to extract the corresponding distributions. Although 
regression techniques have been used (Johnson et al. 1983, Prisant and Zare 1985), the 
usual procedure consists of varying the product state population in an iterative 
manner until the simulated spectrum reproduces the experimental one, functional 
forms being used for both vibrational and rotational distributions to avoid too much 
scatter in the calculated populations. Figure 16 shows the vibrational distribution of 
the CuF(B) state following the Cu('S) + F, 4 CuF + F reaction, where the average 
fraction of energy for product vibration is higher than for a 'prior' distribution 
(Levine and Bernstein 1987) and, consequently, very little is left for translational 
excitation (Parson and Fang 1990). 

4.3. Product angular distributions 
When chemiluminescent products have a long radiative lifetime, they are able to 

travel a significant distance before radiation takes place. This feature can be used to 
measure the angular distribution of the nascent products (Mims and Brophy 1977, 
Siege1 and Schultz 1978) with additional information on their lifetime and identity. 
For the Ba+N,O reaction, the angular distribution suggested a significant yield of the 
long-lived BaO A *l7 state, in addition to that of A %+. 
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Figure 16. Vibrational distribution of CuF in the b state formed from CU(%) +F, 3 CuF +F 
at collision energies of 1 1  kJ mol-I (solid columns) and 67 M mol-' (open columns). 
Corresponding prior predictions are squares and open circles (adapted from Parson and 
Fang (1990)). 

4.4. Product polarization and stereodynamics 
Information about the stereodynamics can also be obtained by measuring 

polarized chemiluminescence spectra. Figure 17 shows an example of a pair of 
perpendicular and parallel polarized spectra for the CaBr" produced in the 
Ca(lD) + HBr + CaBr(A, B) + H reaction. As can been seen, both the A-X and the 
parallel B-X transition intensities are very sensitive to the polarization direction, as 
was expected for this kinematically-constrained reaction. 

For a selected molecular transition, the polarization degree, defined by the 
expression 

can be obtained from the direct integration of the measured spectra to have the 
parallel, Ill and perpendicular I,, emission intensities. This magnitude has been 
calculated for the B-X molecular band, because the polarization analysis of a parallel 
transition gives the rotational alignment parameter of the molecule, (P,(". k)), 
through simple relations (Prisant et al. 1981). In the following discussion, j, k and z 
represent the unitary vectors of the rotational product angular momentum, relative 
velocity and atomic beam velocity. As is known for these transitions, P and the value 
of (pZ(j'.z)) are related by the expression (Prisant et al. 1981) 

The azimuthal average addition (AM)  theorem (Johnson et al. 1984) is used to 
correct the beam-gas blurring effect of the rotational alignment given by <p2cj/-z)), 
e.g. 

(P,(j' * z)> = (GO., * k)) (P,(k'* 2)). (36) 

To obtain (P,(k-z)) one follows the procedure described in Prisant el al. (1981), 
whose details are omitted for brevity. This allows us to calculate the rotational 
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Ca* + HBr -+ CaBr" + H 
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Figure 17. Perpendicular and parallel polarized spectra for the CaBr* produced in the 

Ca(lD,) + HBr -+ CaBr(A,, B) + H reaction. Note the sensitivity to the polarization 
direction as can be expected for this kinematically-constrained reaction (adapted from 
Garay et al. (1995)). 

alignment referred to as the centre-of-mass system. Table 1 contains the alignment 
parameters for a series of reactions. Note the closeness to the kinematic limit, given by 
( P , )  = -0.5, as the system approaches the heavy plus heavy-light limit ($2.2). 

Significant deviations from the kinematic limit given by the perfect alignment of 
the product rotational angular momentum have been reported, particularly at low 
collision energies. Obviously, such deviations indicate the occurrence of disposal of 
angular momentum into product orbital motion. As an example of a dynamical model 
that accounts for these deviations from perfect alignment one can mention the so- 
called constant product orbital angular momentum (CPOAM) (Hartree et al. 1990). 
One of the basic assumptions of the CPOAM model is the recognition of a constant- 
product orbital angular momentum, L', when the departing atom is very light in 
comparison with its diatomic partner. One of the main results of such an approach is 
given by the following expression for the alignment parameter (Hartree et al. 1990) 

<P,(J'.k)) = 2m($-lnZm)-+ (37) 
where Zm = L'/L,, and L, is the maximum angular orbital momentum proportional 
to the average energy available. 
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T 

E, / eV 
Figure 18. Experimental versus theoretical values of the product rotational alignment for the 

Ca* + HX(X = C1, Br) + CaX* + H reaction. Calculated values are model predictions 
using the COPAM model (see text) (adapted from Garay et al. (1995)). 

Figure 18 compares the experimental and theoretical values of the product 
rotational alignment for the Ca* + HX (X = C1, Br) -+ CaX* + H reactions. The 
closeness to the kinematic limit and the capability of the CPOAM model should be 
noted. 

In general, whereas there are many examples of the L+j'  correlation little is 
known about the second correlation, i.e. the complete transfer of j into L .  Recently 
extensive quasi-classical trajectory calculations have been carried out to study such 
correlations in the Ba + HI + BaI + H system (Alberti et al. 1995). In this work the 
variation of (L') with j was found to show a linear dependence. The later vector 
correlation leads to two important consequences. The first deals with the scalar 
description. As reported, the higher the rotational excitation of the reagents the higher 
the product orbital angular momentum. The second aspect of this well reached 
kinematic limit deals with the vectorial character of the magnitude to be transferred. 
As j -+ L and L is always perpendicular to v', the product velocity, one could select the 
product velocity vector to the desired laboratory direction by selecting the reagent 
rotational angular momentum polarization. Of course, this is equivalent to selecting 
the collision plane, which in turn opens up interesting possibilities concerning the 
spatial control of the reaction product. In fact, the spatial control of the reaction 
product by laser polarization is quite obvious in photofragmentation dynamics of 
both diatomic and linear polyatomic molecules (Schinke 1993). What is now being 
emphasized is the extension of such a possibility for atom exchange reactions for 
kinematically-constrained reactions. 

As far as the reactivity of oriented molecules is concerned, an interesting study was 
recently carried out by Ohoyama et al. (1993) who measured the chemiluminescence 
emission of CF,* produced in the reaction of Ar(3P) with oriented CF,H molecules. As 
has been well-known since the 1960s, the usual method of orienting molecules in a 
beam has been the electrostatic hexapole technique (Stolte 1988). This study follows 
the well-known BaO* chemiluminescence yield from the crossed-beam reaction of 
N,O plus Ba atoms (Stolte 1988) based on the hexapole technique to orient and state 
select the N,O molecules. 
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Recently, the possibility of orienting molecules in the gas phase by means of 
homogeneous strong electric fields, the so-called brute force orientation technique, has 
been demonstrated by Loesch and Reincheild (1990) and a little later, independently, 
by Friedrich and Herschbach (1991). Although this technique finds wider application 
than the conventional hexapole method, to the best of the authors’ knowledge no 
experimental work has been reported using this method, in a crossed-beam experiment, 
with either chemiluminescence or laser detection techniques. 

5. Dynamics of excited-state reagents 
Long before the development of laser techniques, classical techniques-electron 

bombardment, electronic discharges (Pauly 1988)-were used to prepare atomic/ 
molecular reagents in chemical reactions. They present the disadvantage of being 
highly non-selective in energy so that a number of atomic/molecular states of largely 
different energy are simultaneously populated. In turn, this situation can be considered 
as favourable to populate metastable levels with a low optically-allowed transition 
probability from the ground state. A certain selectivity is recovered when the 
excitation is performed far from the collision volume, since only metastables have a 
long enough lifetime to survive and proceed to reaction. 

Optical techniques with tunable lasers are more flexible, versatile and efficient 
(Bergmann 1988). This is because the interfacing of particle beams and laser beams can 
be realized directly at the collision volume ; hence the possibility of exciting short-Iived 
atomic/molecular states, just by tuning the laser frequency. In the case in which direct 
electronic transitions are not allowed, two-photon or two-step processes can remedy 
the situation. However, the main interest of electronic excitation by lasers lies in its 
selective character: up to the fine/hyperfine structure of the atom (Jacquinot 1976) or 
up to the vibrationallrotational structure of the molecular reagent (Bergmann 1988). 
Moreover, due to the Doppler effect, this excitation can be carried out for a given class 
of velocity which depends on the beam geometrical arrangement and on the laser 
frequency. For a perpendicular arrangement, all the classes of velocity should absorb 
the laser radiation leading to an important transfer of population. Also, it is possible 
to use the polarized and coherent nature of the laser field to observe other phenomena: 
influence of polarization on the reactivity, ‘driving’ of chemical reactions by intense 
laser fields. 

However, the situation described above presents some drawbacks. In practice, the 
population of excited states can be very low, in particular for atomic reagents: in 
principle, the amount of transferred population from the ground state is proportional 
to the transition probability and to the spectral energy density, but due to saturation 
effects and to ‘side-transitions’, it is far from the 50 % limit which could be obtained 
in pure two-level systems (Walther 1976, Shimoda 1976, Demtroder 1982). Conversely, 
for molecular reagents, the STIRAP technique, which has been developed recently, is 
very efficient in populating a given specific rovibrational level-but at the cost of a 
complex experimental arrangement (Gaubatz et al. 1989, Schiemann et al. 1993). 
There are also specific drawbacks linked to reaction dynamics. For instance, as the 
degree of reagent excitation becomes higher, more excited states are populated (just by 
spontaneous emission) and are able to contribute to the reaction: as a consequence, 
the signal is lower and the selective character of the excitation is lost. 

Whereas in # 3  and 4 the emphasis was put on product detection and 
characterization as a route to obtain information about the reaction dynamics, the 
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present section is devoted to the study of the influence of selective reagent excitation 
by optical methods. The reader is addressed to Stolte (1988) and Lee (1988) for a 
discussion on state-selected reagent excitation by non-optical methods. Nevertheless 
we start this section with a brief account of recent work on translational energy effects 
on the reaction cross-section. 

5.1. Collision energy efsects 
For neutral-neutral interactions, as far as the collision energy dependence of the 

reaction cross-section is concerned, three methods have frequently been used in order 
to vary the relative translational energy of the reagents. They involve the variation of: 

(i) the velocity of one or both of the beams; 
(ii) the collision angle; and 
(iii) the time of flight of at least one reagent. 

In the former, the typical implementation consists of changing the relative velocity 
by varying one beam velocity via the seeding technique. Many applications of this 
method have been reported and the reader is addressed to a review article (Gonzhlez 
Ureiia 1987) for further information. The changing of the collision geometry, i.e. the 
change of the collision angle, while both beam velocities remain fixed, in spite of its 
simplicity, has only been applied in a very few cases for inelastic transitions, although 
reactive collision experiments using this method have only been reported by Verdasco 
et al. (1989). The philosophy of the time-of-flight (TOF) method is based on the 
collision of one stationary target (either beam or gas) which collides with a pulsed 
beam. If reaction takes place, the measurement of the reagent time-of-flight spectrum 
as well as the product time profile gives the time and hence the collision energy 
dependent reaction cross-section via the modified equation 

in which we have assumed BC as stationary. This method has been used for beam-gas 
experiments and, not as often, for crossed-beams (Wicke 1983). 

In fact a nominal reactive rate coefficient as a function of the average collision 
energy can be calculated by dividing the chemiluminescence intensity FAB(t) by the 
reactant number density n,(t), e.g. rearranging equation (38) one obtains for the 
specific rate constant 

FAB(0 k(El t )  = gR (El t)  V,(t) = 
'BC A vn.4(t) 

(39) 

so that k(E) t )  is proportional to F',(t)/n,(t) since AV and nB, are not time-of-flight 
dependent quantities. 

Figure 19 shows several specific rate constant examples obtained with this time-of- 
flight method. One of the most significant aspects of the method is its high sensitivity 
in the measurement of the excitation function. In fact, the high sensitivity in the 
collision energy associated with an energy spread of a few millielectronvolts can 
unravel non-classical effects in the excitation functions. See for example MenCndez et 
al. (1 993) for a discussion of this point. 
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Figure 19. Comparison of several specific rate constants and reaction cross-sections obtained 
by the time profile measurement of cross-beam chemiluminescence. Left: (a) CuF (b 317) 
from Cu('S) + F,; (b) CuF (b 'II) from Cu('D) + F, and (c) CuF (C'II) from Cu('D) + F, 
(adapted from Parson and Fang (1990)); right : CaCI* from Ca(lD,) + HCI reaction 
(adapted from Mentndez et al. (1993)). 

5.2. Electronic excitation : state-selected and spin-orbit eflects 
In addition to the promotion of endoergic reactions which is permitted by the 

compensation of energy defects, electronic excitation is a most convenient means of 
studying state-selected and spin-orbit effects, a domain where new results are rapidly 
emerging. Spin-orbit effects in alkaline earths, halogens and inert gases were detailed 
less than a decade ago in a review article (Dagdigian and Campbell 1987), with a 
careful analysis of various adiabatic and non-adiabatic processes giving rise to specific 
variations of rate coefficients and cross-sections. Several aspects of electronic 
excitation which were not treated in the frame of that article or which appeared later 
are described in a recent review article (Gonzklez Ureiia and Vetter 1995) by 
considering their influence over total and differential cross-sections as well as over the 
state of reaction products. Thus, only a few examples will be discussed below. 

A number of crossed-beam experiments by Lee and co-workers were devoted to 
the reactivity of excited sodium atoms (Vernon et al. 1986, Weiss et al. 1986, Mestdagh 
et al. 1987) and showed contrasting results. For instance, the NaCl total and 
differential cross-sections observed for the Na(3s %, 3p *P) + C1, + NaCl+ C1 reac- 
tions do not exhibit large variations, although electronic excitation to the Na(3p) state 
lowers the atom ionization potential by 2.1 eV. On the contrary, as is shown in figure 
20, the NaCl total and differential cross-sections observed for the Na(3s 'S, 3p 'P, 
5s ,S, 4d 'D) + HC1- NaCl+ H reactions are significantly different from Na(3s) to 
Na(4d). For the Na + 0, system, excitation to Na(4d) leads to NaO products whereas 
excitation to Na(3p) and Na(5s) does not. 

These reactions generally proceed via the harpooning mechanism which provides 
a good framework to explain the effect (or the non-effect) of electronic excitation over 
reactivity. For instance, the small enhancement of the cross-section from Na(3s) to 
Na(3p) for the reactions of Na with C1, is surprising. One would expect that the atom 
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0 30 60 90 
Laboratory angle lo 

Figure 20. NaCl angular distribution for the Na+ HCI + NaCl+H reaction at 56 kcal 
mol-', -A- Na(3S) excitation (no reaction). A, Na(3P) excitation: 0, Na(5s) 
excitation: 0,  Na(4s) excitation (adapted from Vernon et al. (1986)). 

electronic excitation would increase the cross-section, just because the ionization 
potential is lowered; however, as the crossing distance between the covalent and the 
ionic potentials increases from Na(3s) to Na(3p), the interaction is reduced, making 
sodium atoms less reactive than they would otherwise be. It was finally argued that 
these two factors compensate each other to some extent. As for the reaction with 
hydrogen halides, the two dominant features of the reaction with excited atoms are the 
decreasing product recoil velocity and the increasing cross-section. For ground state 
reactions, the electron transfer does not take place at large distances because hydrogen 
halides have negative electron affinities ; for the others, excited Na atoms have much 
lower ionization potentials and the electron transfer is possible at larger distances. 

At a higher degree of selectivity, spin-orbit coupling is able to influence the atom 
reactivity, as was demonstrated by systematic measurements performed with calcium, 
strontium and barium atoms (Irvin and Dagdigian 1981, Yuh and Dagdigian 1983, 
Campbell and Dagdigian 1986, Dagdigian and Campbell 1987). For the reactions 
of Ca(4p 3P,, 2) with CI,, the following ordering for cross-sections is observed : 
a(J = 2) > o(J = 1)  > o(J = 0) for the CaCl excited products, whereas the inverse is 
observed for the ground state products. This selectivity is kept by changing Ca into Sr 
or by changing chlorine into alkyl bromides or iodides. Comparable spin-orbit effects 
were also detected in reactions involving Ba(5d 3Dl,2,3) atoms and Cl,, Br, or 
CC1, molecules, with the same ordering for cross-sections. These reactions generally 
proceed by charge transfers occurring at the crossing of the neutral entrance valley and 
the ionic intermediate, with a preferential C,, geometry of approach due to a 
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Figure 21. Initial rotational distribution of HgH products following Hg(3PJ and Hg(3P,) 
Hg(3PJ excitation. 0 HgCP,) excitation (adapted reactions with hydrogen molecules. 

from Bras el al. (1991)). 

favourable overlap between reagent orbitals. As reactive cross-sections are very 
sensitive to the strength of neutral-ionic couplings, their ordering could be explained 
by using adiabatic correlation arguments. 

Another consequence of spin-orbit dependence was demonstrated in a p u m p  
probe study of the Hg(6p 3P1, 3P0) + H, + HgH(X 'Z) + H reactions and their isotopic 
derivatives (Bras 1990, Bras et al. 1991): as shown in figure 21, the absolute yield of 
HgH products is roughly the same for the two excitation schemes, but the rotational 
distribution corresponding to Hg(3Po) is 'colder' than that of Hg(3P,). This difference 
was explained invoking the existence of a substantial potential barrier on the adiabatic 
reaction path, higher for Hg(3Po) than for Hg(3P,). 

In a series of crossed-beam studies performed on chemiluminescent reactions 
involving (5d 3D,, 5d lDZ, 6p lP1) excited barium atoms and oxygen, water or alcohol 
molecules, it was shown how specific spin-orbit excitations can lead (or not) to specific 
products or product states, through well-defined reaction mechanisms (Mestdagh et 
al. 1990). For example, Ba(6p lP,) atoms reacting with water or alcohols do not lead 
to BaO products, but to BaOH(A 211) products rather than BaOH(B 'C+) ones. 

In principle two different mechanisms, described below, can be considered to 
account for the dynamics of the excited alkaline earth atom reaction with OH- 
containing molecules. 

5.2.1. Direct harpoon-type mechanism 
This involves a long-range interaction with electron transfer, i.e. 

H 
H I 

M* + I + M+ ...- 0 ... R -+ MOH* + R 

Because of its high electron affinity, the OH, isoelectronic with the F atom, acts as 
a whole entity accepting the electron from the attacking atom. As a result, there is no 
long-lived complex so that the R moiety departs as the attacking atom approaches. 
The whole process is so fast that there is no time for H migration or CaO formation. 
Essentially, this mechanism follows the well-known harpooning interaction between 
alkaline atoms with halogen-containing molecules. 

0-R 
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5.2.2. Long-lived intermediate via insertion mechanism 
Now the attacking atom inserts into the HOR molecule forming an adduct, i.e. 

H H 
/ / 

\ \ 
M*+O + M* ... 0 

R R 

which, in turn, can evolve to different product channels as follows : 
(a) 0-H bond breaking with light atom recoil, 

H 
/ 

\ 

M* , . . 0 -+ MOR + H ; MOR can be formed either in its excited or ground 
electronic states. 

R 
(b) 0-R bond breaking with radical R recoil, 

H 
/ 

\ 

M* . . -0 + MOH* + R; MOH can also be formed in its excited or ground 
electronic states. 

R 
(c) H migration to R with subsequent 0-R bond breaking, e.g. 

H 
/ 

M* ... 0 -+ M...O...R...H +MO*+RH 

\ 
R 

Whereas mechanism (a) has been suggested as the predominant one in the reaction 
of excited Ba with alcohols, in the excited calcium atom reactions Ca*('D,) + ROH it 
appears that the CaOH* is the minor, but the only experimentally observed channel 
(Esteban et al. 1994). This is an indication that for energetically open channels not only 
the particular reaction pathway plays a role but also the stereodynamics associated 
with the reactive collision. There are good examples in the literature of such effects in 
addition to the already mentioned Ca*(lD,) attack to the RI molecule (Esteban et al. 
1994). As an example that the reaction energetics is not the only factor controlling the 
product yield, let us mention the study of the Ba(lP,) + CH,OH reaction carried out by 
de Pujo et al. (1993). Table 3 lists the energetics of the Ba+CH,OH reaction obtained 
with the values given in this work for Ba-OCH,. 

Examination of this table clearly shows that the chemiluminescent BOH channel 
is more exothermic than the BaOCH,. However de Pujo et al. (1993) reported emission 
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Table 3. Energetics for the Ba('D,) + CH,OH reaction (adapted from de Pujo et al. (1993)). 

Reaction 

Ba(lP,) + CH,OH + BaOH(A, 'IIllJ + CH, 
BaOH(A, 'lIZ1,) + CH, 
BaOH(B) + CH, 
BaOCH,(A, 2rIc,2) + H 
BaOCH,(A, 211z13) + H 
BaOCH,(B) + H 

W e V )  

- 1.39 
- 1.31 
- 1.18 
-0.13 
- 0.05 
+ 0.05 

from the BaOCH, only. In addition, following the insertion mechanism suggested by 
several authors, one may expect a different steric hindrance for the alkaline earth atom 
insertion into the 0-H or CH,-0 bond, leading to different alkoxide or hydroxide 
yields, respectively, even for those cases having the same reaction exothermicity. 
There are indications supporting this argument, as for example the study of the 
Ba*('P) + CH,-0-CH, reaction (de Pujo et al. 1993), for which no chemiluminescence 
was detected, although chemiluminescent reactions are very energetically favourable, 
as for example the reaction Ba(6s6p 'PI) + CH,OCH, + BaOCH,(A,,,) + CH, for 
which AH = - 1.0 eV. 

The reactivity of Ca(*S,, 'Pj) was also studied with peroxide-type molecules under 
single-collision conditions (Oberlander et al. 1991). Different reaction products were 
found depending on the electronic state of Ca which is involved. A good example of 
this different dynamical behaviour is that of the Ca* + H,O, reaction, where Ca('P) 
metastables produce CaOH molecules whereas ground state atoms yield pre- 
dominantly CaO molecules. The corresponding pathways have been rationalized 
invoking an insertion mechanism, either on the 0-H or on the 0-0 bond and a time 
competition between dissociation of the intermediate complex and migration of the H 
atom. The fact that Ca(") atoms give only CaOH could be attributed to the failure of 
forming a long-lived complex which would facilitate the H migration required for the 
CaO formation. Conversely, a direct harpooning mechanism was suggested to take 
place, so that the fast CaOH formation occurs before the H migration. 

5.3. Electronic excitation : symmetry and stereodynamics efSects 
The aim of the experiments described in this section is to use the polarized nature 

of the laser beam, responsible for electronic excitation, to gain a more detailed insight 
into the collision dynamics, its anisotropic character in particular. Most experiments 
involving reactive collisions have been conducted under crossed-beam conditions, by 
rotating the (linear) polarization direction of the laser beam with respect to the 
collision axis. The latter is the most natural choice to d e h e  a reference axis in the 
molecular frame. Conversely to the situation described above, no change of energy is 
involved here. However, inelastic and reactive collisions generally present a comp- 
lementary and simultaneous aspect, as was shown in the pioneering works of Hertel 
(Hertel et al. 1977, Hertel and Storl 1978) and Zare (Rettner and Zare 1981, 1982) or 
the Na + H, and Ca + HC1, C1, systems respectively. 

Lee and co-workers studied the dynamics of the Ba(6p 'PI) + C1, system which 
yields both BaCP + C1- reaction products and Ba+ + C1; charge transfer products, the 
two processes being characterized by their chemiionization emission (Davis et al. 
1990). It was shown that laser excitation to Ba(6p) enhanced the Ba+ intensity 
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Alignment angle 
( a )  

Figure 22. Chemiluminescence emission intensity in the Ca('P,) + HCI reaction as a function 
of the laser-induced alignment of the p orbital (a) CaCI(A211-XaX+) ; (b) CaCI(B2C-X2Z+) 
(adapted from Rettner and Zare (1982)). 

measured in the backward direction of scattering. It was shown that this Ba+ intensity 
is maximum when the p-orbital of the barium atom is aligned along the relative 
velocity vector, as expected from the nature of the electron transfer mechanism. 

This result is complementary to those obtained by Zare and co-workers on the 
Ca(4p 'PI) + HC1+ CaCl (A 'II, B 'I;+) + H reactions, where a weak dependence of the 
chemiluminescent yield versus alignment of the atomic orbital was observed, for the 
first time, as is shown in figure 22 (Rettner and Zare 1982). It was found that a parallel 
alignment of the atom p-orbital along the relative velocity vector enhances the 
formation of CaCl in the B 'C+ state, whereas a perpendicular one favours formation 
of the A state. This can be understood in the framework of an electron jump model 
of collision by considering 'outer' and 'inner' harpoonings, the first one, the most 
efficient, being independent of orbital alignment, whereas the second is not. In this 
model, the symmetry of the reagent system is conserved, the atom p-orbital transforms 
into a CaCl molecular orbital and its alignment serves to orientate the reaction 
products towards the B ?Z+ state or towards the A ,II one. On the other hand, the 
Ca(4p 'P,) + C1, reaction shows a different behaviour since both B 2X+ and A states 
are favoured by a perpendicular alignment, the ll state in particular. This can be 
understood from the increased symmetry of the system resulting in an alignment 
dependence of the outer harpooning, in particular in a C,, geometry of approach. The 
direct correlation observed between the parallel and perpendicular orbital alignments 
in the centre-of-mass and the C and I2 product channels in the laboratory frame, 
indicates that the behaviour of the system is essentially adiabatic along the reaction 
path, in agreement with the well-known model of 'orbital following' developed by 
Hertel (Hertel 198 1). 

The harpooning model also holds for the Cs(7p 'P) + H, + CsH + H photo- 
chemical reaction, for which the ratio of total cross-sections, a(zPP1,2)/c('P,,2) % 4, was 
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measured in a crossed-beam experiment (L’Hermite et al. 1991). This ‘fine structure 
effect’ could be interpreted and understood in great detail from the calculation of 
diabatic potential energy surfaces (GadCa et al. 1986) and hemi-quanta1 dynamics 
(GadCa and Durup 1987) in a collinear geometry of approach. Among the 2X and 
incoming molecular states, only the former are able to induce the electron jump onto 
the ionic surface of ‘X symmetry also; at infinite distances between Cs and H,, the 
weight of ‘X states is the same for the two channels associated with CS(~P,,,) and 
CS(~P,,,) but, due to dynamical couplings in the entrance valley of the reaction path, 
the weight of ‘2 states at the crossing point between the covalent and the ionic 
potentials becomes larger for the first channel, giving a higher reaction cross-section 
to the CS(~P,,,) level. This result could be confirmed at a more refined level, by 
considering the hyperfine structure of caesium atoms (Gadta et al. 1988). Here again, 
the atom reactivity is not totally determined by the potential energy-the lower level 
of caesium is more reactive than the upper on-but by the symmetry associated with 
the reagents and products. 

5.4. Van der Waals and cluster reactions 
As is well-known, the physics of supersonic expansions produces very cold 

molecules which allow for the formation of weakly bound van der Waals molecules 
(Levy 1980). Early molecular beam studies were limited to gas-phase species where by 
the use of coexpansion with an inert gas, the amount of cooling could be enhanced, 
allowing the formation of van de Waals clusters. This technique was used in the early 
1970s to study the reactivity of (CH,I), with alkali atoms (Gonzsilez Ureiia et al. 1974). 
Partially supersonic expansions could also be obtained with non-volatile materials 
such as metals, from an effusive metallic beam seeded by a carrier gas (Selby et al. 
1989). A major advance was implemented by Hertel et al. (1977), who produced a 
supersonic beam of Na-NH, and Na-H,O using a ‘pick-up’ source, where an effusive 
beam of Na is crossed by a supersonic molecular beam (Schulz et al. 1988). Smalley 
pioneered a method for producing supersonic molecular beams of highly refractory 
metals such as molybdenum, by the use of a pulsed laser to ablate the material from 
a solid target in a channel attached to a pulsed high pressure valve (Smalley 1983, 
Hopkins et al. 1983). In the supersonic expansion formed on leaving the channel a 
variety of metal atoms, van der Waals clusters and molecules can be produced 
allowing for their study in beam experiments (Hopkins et al. 1983, Costes et al. 1987, 
1988, Jouvet and Soep 1984, Visticot et al. 1988, Jouvet et al. 1989). Once a well- 
characterized beam of van der Waals molecules is produced, experiments such as 
photodepletion (Liu et al. 1993), photodissociation and photoionization (Jena et al. 
1986) can be undertaken, yielding information about the electronic structure of these 
interesting molecules. 

Experiments concerning the reactivity of van der Waals complexes were first 
carried out by Soep and co-workers (Jouvet and Soep 1984, Jouvet et al. 1987, 
Breckenridge 1989, Soep et al. 1991) who studied the dissociation of the complex 
once excited by a laser pulse, through the action on the LIF spectrum of the product 
molecule. This approach, which can be viewed as a means to study ‘half collisions’ of 
well-defined geometry and symmetry, has been developed for a number of reactive 
systems including several also studied under crossed-beam conditions. For the 
reaction of Ca and HC1 for example, the Ca-HCI pair is prepared in a supersonic 
expansion and excited by a laser pulse-at a frequency close to the atomic 
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Figure 23. Top: Action spectrum of the chemiluminescent van der Waals Ca ... ClH+hv + 

CaCl* +H reaction. Bottom: Calculated spectrum using a (hindered rotation) atom- 
diatom model (adapted from Soep et al. (1991)). 

resonanceto a repulsive electronic state. The dissociation into CaCl and H products 
is characterized by tuning the laser frequency and recording the subsequent action 
spectrum or by use of LIF detection. Figure 23 shows such an action spectrum where 
the different peaks were assigned and interpreted as local mode excitations, e.g. 
excitation of perpendicular motions to the reaction coordinate (Soep et al. 1991, 
1992). Indeed, bending modes or free rotation excitation of van der Waals complexes 
were assigned and interpreted for the same reactive channel. 

On the other hand, the application of ultrafast laser spectroscopy to isolated 
molecules in pulsed supersonic beam expansions offers the prospect of real-time 
measurements of the collision complex lifetime. Indeed, this can be accomplished by 
using the photo-initiated decomposition of van der Waals molecules, as for example 
IH-CO,, to monitor the subsequent appearance of OH products according to the 
successive H + CO, + HOCO + HO + CO reactions (Scherer et al. 1987). In these 
experiments, the lifetime of the HOCO collision complex could be estimated to less 
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Chemiluminescence spectrum of Ba+ Cl,. Top: gas-phase reaction. Bottom: 
cluster reaction with approximately an average number of 0.25 barium atoms and 1.0 
chlorine molecules per cluster. Notice the significant differences between both spectra. See 
text, adapted from Biquard et al. (1995). 

Figure 24. 

than 5 ps, in disagreement with the conclusions obtained by measuring the product 
angular distribution under crossed-beam conditions. These scattering experiments 
were conducted at a higher collision energy (about 12 kJ mol-'), providing evidence of 
a short-lived complex whose lifetimesome 5 p-is comparable to its rotational 
period. As has been suggested (Grice 1992), it would be of great interest to determine 
whether this difference in collision lifetime can be attributed to the increase in collision 
energy or to the magnitude of the impact parameter, since the reaction in the crossed- 
beam experiment may arise from much larger impact parameters (b,,, x 4 A) than the 
photo-initiated van der Waals reaction which arises from a constrained geometry. The 
high angular momenta of the complex formed in the crossed-beam reaction may also 
exert a strong influence on its lifetime. 

Comparing half-collision reactions in van der Waals complexes with full-collision 
reactions under crossed-beam conditions and in particular the energy dependence of 
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the cross-section, is not possible without making important assumptions about the 
underlying reaction dynamics. One of the main difficulties arises from the different 
energy resolution of both experiments, another is associated with the impact parameter 
averaging inherent to crossed-beam experiments whch is probably not present in the 
van der Waals approach. Furthermore, the fundamental question of whether the same 
region of the potential energy surface is sampled by half-collisions and by full- 
collisions remains open. 

Chemiluminescence produced by the reactive collision of Ba and C1, on an 8000 
argon cluster has been recently studied (Biquard et al. 1995). In contrast to the gas- 
phase reaction where it leads to the formation of the radical pair BaCl* + C1 only, the 
reaction intermediate BaCI, was observed as the predominant luminescent channel. 
Figure 24 shows a comparison between gas (upper graph) and cluster (lower graph) 
chemiluminescence spectra. Significant differences can be seen in such a comparison. 
Notice, for example, how the red component of the gas phase has also disappeared in 
the cluster spectrum. On the other hand, the cluster spectrum shows as dominant 
feature a continuum which is not present in the gas-phase chemiluminescence. These 
studies lead to the conclusion that the BaC1: is the only chemiluminescent product. In 
this view the dominant chemiluminescent reaction Ba + C1, -, BaClz, closed under 
gas-phase collision conditions, turns out to be possible because of very efficient 
trapping of the reaction intermediate by the cluster. As a result, this cluster specificity 
of trapping, allowing observation of reaction intermediates, opens up new interesting 
possibilities in the field of reaction dynamics. 

6. Concluding remarks 
It has been shown how the use of high-resolution optical techniques is greatly 

improving our knowledge of reaction dynamics, through the full characterization of 
reaction products and the opening of excited-state reactions? including the study of 
polarization effects as well as that of van der Waals reactions. For reactive collisions 
with excited-state atoms, for example, it has been shown that the total energy of the 
system is not the key parameter but, by contrast, the symmetry of reagents and 
products appears essential to give account of the dynamics. 

Due to the endless development of new tunable laser sources in various optical 
ranges, there is no doubt that it will be possible to multiply the experimental situations 
by studying new systems or highly excited ones as a result of various schemes of 
electronic excitation. In this direction? the study of reactive collisions with Rydberg 
atoms would provide a new insight into the influence of high angular momenta over 
elementary chemical processes. Also, the use of circularly-polarized light to study the 
effect of orbital orientation has not yet been systematized, although promising results 
were obtained on non-reactive events by Duren (Diiren and Hasselbrink 1987) and 
Leone (1988). Selective electronic excitation could also be achieved for the various 
isotopes of a given element, as an interesting method of isotopic enrichment using 
selective chemical reactions (Walther 1976, Zare 1977). 

Particularly interesting would be to measure systematically the absolute value of 
reaction cross-sections in order to compare them with the theoretical estimations 
provided by quasi-classical or pure quantum calculations. In relation to the analysis of 
reaction products, it should be mentioned that new interesting possibilities emerge 
through the use of electronically excited atoms : when looking at the opening of new 
product channels, one has to consider not only the appearance of electronic manifolds 
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but also the presence of effects such as spin-orbit interactions, molecular electronic 
alignment and predissociation processes (Ashfold and Baggott 1987) ; additional 
stereodynamics studies associated with pendular states (Loesch and Reincheid 1990, 
199 1, Friedrich and Herschbach 199 1) seem very provising. Related information can 
be gained from systematic studies of vector correlations through angular momentum 
conservation in specific systems, i.e. kinematically-constrained reactions (Kin and 
Herschbach 1987, Zare 1988). Due to the vectorial character of this correlation, new 
ways of controlling the product spatial distribution would be opened if a diatomic 
molecule were excited through a parallel transition using a linearly polarized photon ; 
i.e. one can exploit the correlation between j’, L’ and v’ ensuring the v’ vector to 
appear along the direction of the electric vector associated with the initial laser photon 
in the laboratory frame. 

As mentioned earlier, one can gain insight into the stereodynamics of the 
bimolecular reactions when laser photodissociation, carried out in a bulb, generates 
velocity aligned atomic fragments that may subsequently react with target molecules. 
In fact, photolysis of a molecular precursor in a bulb to produce hot atoms has been 
widely applied to the reaction dynamics field (Flynn and Weston 1986). Recent 
examples of such applications include the measurement of product rotational 
alignment, second moments of the differential cross-section, in addition to other state- 
resolved vector correlation by using the laser-induced fluorescence method (Brouard 
et al. 1993). From the experimental point of view these techniques, based on hot-atom 
productions in a bulb, have demonstrated the feasibility of measuring product 
distribution of rotational alignment, second moments of the differential cross-section 
for state-to-state reactions. Although this novel technique may result in a significant 
enhancement of signal-to-noise ratios over cross-beam experiments, the results are 
only applicable for those reactions with favourable mass combination and reaction 
energetics, as mentioned earlier. In spite of this limitation the technique appears very 
promising for the measurement of quantum-state specific differential cross-sections 
which in fact is complementary to information gained from high-resolution crossed- 
beam scattering. 

On the other hand, the advent of ion imaging techniques are of special interest as 
they can also provide valuable information about quantum-state specific differential 
cross-sections in a straightforward manner. It should be emphasized that this technique 
offers several advantages over more traditional methods : (a) by using the resonance- 
enhanced multiphoton ionization, REMPI technique, a single quantum state of the 
product can be selected, (b) it shows a high efficiency based on the 4n particle 
collection that in turn leads to high count rates capable of measuring product angular 
distribution within a few hours, (c) the technique samples the entire product angular 
distribution simultaneously. The combination of all these factors may yield the 
differential cross-section for a single rovibrational quantum state of a molecular 
product in an elementary reaction. 

With regard to the study of chemical reactions in van der Waals molecules and 
clusters, new studies of chemiluminescent reactions, carried out in clusters, led to the 
conclusion that very efficient trapping of reaction intermediates can be achieved, and 
so new possibilities, inaccessible in the gas phase, are opened in the study of reaction 
dynamics. An interesting method has been developed using the combination of 
supersonic cooling to produce unreactive van der Waals molecules followed by laser 
excitation to prepare these excited (reactive) channels. This approach provides not 
only the clocking for real time experiments in bimolecular (collision complex) 
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reactions, but also the scenery to study chemical reactions in restricted geometries, e.g. 
small range of impact parameters. Indeed for those systems having a potential well, the 
technique is very useful as it provides a way of studying the underlying dynamics of the 
reactive channels via pump-and-probe action spectra measurements. As an example, 
let us mention that pumping from the low (non-reactive) potential energy surface to 
the high (reactive) surface of the van der Waals complex, by scanning a narrow 
linewidth laser, would allow the study of the collision energy dependence of the 
induced chemical reaction. Both high spectral and collision energy resolution can be 
achieved by this attractive method. It should be pointed out that a comparison 
between the full and half collision methods, although very necessary, still needs to be 
carried out. The question of whether the van der Waals and crossed-beam reactions 
really sample the same region of the potential energy surface still remains open. 

Finally, two fundamental research fields could find application in applied 
chemistry. On the one hand, the advent of high intensity, short pulsed tunable lasers 
could open the way for the ‘driving’ or ‘controlling’ of chemical reactions (George 
1977, Weiner 1980, Shapiro et al. 1988, Brumer and Shapiro 1991). This is the domain 
of ‘laser-assisted collisions’ where the laser field is strong enough to interact directly 
with the collisional complex, in opposition to the situation described above where the 
laser field prepares the atom, prior to collision. On the other hand, little is known 
about surface reactions involving electronically excited species (Zhu et al. 1991). In 
this direction, the new field of surface photochemistry could constitute one of the most 
promising research activities, when solid state physics, laser spectroscopy and gas- 
phase collision dynamics merge to give the necessary background to understand the 
underlying elementary chemical processes at surfaces. 
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