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Introduction

To investigate reactions of atoms with simple molecules we are both developping new com-
putational approaches and applying consolidated efficient numerical procedures to the cal-
culation of experimental observables under a wide range of operating conditions.

Theoretical and computational approaches

A first area of investigation is the construction of suitable functional representations of
potential energy surfaces of atom-diatom systems. One type of approach is based on the
many-body expansion.[lj In our case, however, the different terms of the many-body expan-
sion (to be fitted to the available potential energy values) are formulated as polynomials
of the bond order variables or of their products with related internuclear distances. Local
corrections are then introduced to eliminate short range spurious features and to modify the
characteristics of the critical features of the surface.[2] More recently, circular coordinates of
the bond order space have been used to define the rotating bond order model potential for
single product channel reactions. A generalization of this model to treat reactions brandling
into different product channels has also been introduced (LAGROBO).[3]

Our work on the design of new theoretical and computational approaches to the accurate
three dimensional calculation of reactive properties from first principles is based upon the
use of the hyperspherical formalism. On the contrary, our work on the design of efficient
parallel codes dealing with quantum reduced dimensionality techniques is based upon the
use of Jacobi coordinates. The trajectory code makes use of position vectors with respect to
the center of mass of the system.

The parallelization was particularly succesful for the trajectory code. In this case, use was
made of a processor farm parallel model with dynamical assignment of the load to the
workers. To obtain an efficient parallelization, the code was restructured to perform local
(in-node) partial statistical analyses and to gather them into a final one only at the end.
Parallel versions of the reduced dimensionality quantum program (RIOS) have also been
implemented. In this case, alternative parallel models were adopted. In particular, we
made use of a processor farm model defined at different levels. The lowest level is that of
the orbital quantum number / for which the routine performing the propagation and the
S matrix derivation can be distributed as an independent task. Since this parallelization a
mixed / and energy distribution as well as a multilevel master-slave model were also adopted.
A radically alternative parallel model that has also been considered, is the pipeline. The
parallelization of the exact 3D quantum code is still in an early stage. At present, only
its section calculating the two-dimensional surface functions of the internal hyperangles has
been implemented in parallel on the Cray T3D.



Investigated atom diatom reactions

Reactions presently under investigation are:

N(4SU) + J V J J
O(ZP) + O2(3E;) -> 02<3Sj) + O(3P)
O(3P) + iVO(X^n) -> A'(4£w) + O2(3£j)

L+) -> oi/(2n) + x{2P)
->OX{2Ti)+H(2P)

For N + No the calculations were carried out using a LEPS potential energy surface[4] having
a collinear barrier of 1.56 eV. On this surface we carried out both quasiclassica! and RIOS
calculations to estimate detailed rate coefficients[5]

Quasiclassical rate coefficients were found to be appreciable only at liigh vibrational states v
of the reactants implying a moderately active role of the vibration in promoting reactivity.
On the contrary, even a modest increase in energy supplied as bulk temperature was quite
effective in enhancing reactivity. Rotational (Trnf).and translational (Tfr) temperatures were
varied independently from 500 K to 4000 K. The effect on kv(Tir,Trnt) of varying the rota-
tional temperature was found to be little especially at high translational temperature. On
the contrary, the effect of increasing the translational temperature of the system is much
larger.

More detailed quantities are the state-to-state rate coefficients kvy{Ttr,TT,,t) or their partial
summations (like the vibrational deexcitation rate coefficients k*(Ttr.TTnt) = £„<<„ k,,iV>(Ttr, Trnl)
or vibrational excitation rate coefficients k*(Tlr,Trnl) = E,,'>,,^\,.r'(rfr,T'r,),)). Reactive and
non reactive vibrational deexcitations are always the dominant process (with the former in-
variably more efficient than the latter). An increase of the rotational temperature does not
alter significantly the situation because it affects to the same extent both reactive and non
reactive k*(Ttr, Trnt) values. Processes mostly affected by an increase of the rotational tem-
perature are the reactive vibrational excitations k*(Ttr,Trnt) and. to a less extent, reactive
adiabatic processes. However, although the effect is large for both of them, at high v values
reactive excitation k*(Ttr,Trta) increases so fast that the two curves tend to cross with the
location of the crossing point depending on the value of Trot. At high reactant vibrational
states and rotational temperatures, reactive excitation becomes so efficient to compete with
non reactive deexcitation.

The dependence of the state specific reactive RIOS cross section <rv (summed over all product
states) from the collision energy EiT is such that for all values of v the value of the reactive
cross section rises from zero at threshold to a plateau as Etr increases. The rise at threshold
becomes sharper at higher v values and the threshold energy lowers. However, only a fraction
of the energy supplied as vibration is effective in lowering the threshold.

The absolute value of the RIOS state-to-state rate coefficients agree, on the average, with
quasiclassical results. However, a plot of these rate coefficients as a function of the final



vibrational number v' evidences interesting difTerences between the two sets of results. In
particular, a quasiclassical treatment seems to lead to a more pronounced vibrational de-
excitation than a RIOS one. On the contrary, RIOS calculations lead to lviglier excitation
rate coefficients than quasiclassical ones. This reflects also on the prediction of the most
populated product state which is always lower than the reactant one for quasiclassical cal-
culations. Yet. it is the same for RIOS calculations. The quasiclassical behaviour can be
associated with the stronger tendency of classical treatments to redistribute the energy over
all possible degrees of freedom. On the contrary, the RIOS behaviour can be associated
with the insensitivity of Infinite Order Sudden treatments to rotations and the consequent
propensity to channel the collision energy into product vibration.

However, despite these differences, the values of the rate coefficients calculated using the two
methods are in quite good agreement. In addition, both the quasiclassical (7.0x10~13cm3molec"~1s~1)
and the RIOS (5.6xlO~13cm3molec-1s~1) estimates of the rate coefficient at the temperature
of the experiment (T=3400K) well agree with the measured (5xlO~13cm3molec"1s~1) value.

Following the indication of dynamical and ab initio findings the potential energy surface of
the N + N2 reaction was corrected to alter the height and location of the transition stateby
taking advantage of the flexibility of the generalized rotating bond order formulation of
atom diatom potentials. Quasiclassical and Infinite order sudden results were run also on
the modified surfaces.

For the 0{zP) + Oi^S') reaction a DMBE type potential energy surface kindly supplied
by Varandas was used.[6] The thermal quasiclassical rate coefficient calculated at 300 K
(2.8±0.2 x 10"12 cm3molecule~1s"1) is in good agreement with the most recent experimental
measurement[7] (2.9±0.5 x 10~12 cm3molecule~1s"1). A linear increase of this quantity with
temperature has been found.

State-to-state rate coefficients have also been calculated for initial vibrational levels v = 5,
10. 15, 20, 25 and 30 for temperatures of 500, 1000, 2000 and 4000 K. A linear enhancement
of the reactivity with both reactant temperature and vibrational state has been found at
low initial vibrational levels. Such a positive trend is less pronounced at higher vibrational
states. Vibrational deactivation (reactive and non reactive), is the most important process.

The role played by reactant vibrational energy on the reactivity of the system is similar to
that found for N + N2. The rate coefficient of thermalized reactants almost linearly increases
with the temperature. Such an increase becomes small when the O2 molecule becomes highly
vibrationally excited. For this system too, reactive vibrationai deexcitation is the most
efficient process. A substantial contribution comes also from non reactive deexcitation (such
a contribution might become the dominant one if all the intervening non reactive processes
are taken into account).

The most interesting outcome of our calculations, however, becomes apparent only when
state to state rate coefficients are plotted as a function of n = v — v1. Contrary to the results
of N + N2 calculations obtained on the LEPS surface having a barrier to reaction, O -t- O2
results indicate that single vibrational quantum jumps are not the most important contri-
butions to deexcitation mechanisms. Multiquantum deexcitation can resort into individual
jumps of 10 vibrational levels being the dominant process. Tliis means that multiquantum



jumps play a key role in the vibrational deexcitation of this systems since they contribute
not only direct relaxation but also cascade effects.

A detailed analysis of trajectories leading to multiquantum jumps clearly shows their asso-
ciation with the occurrence of a deep potential energy well causing a disposal of vibrational
energy into other degrees of freedom. Similar effects, though less pronounced, as found
also for the model N + N2 case, were found in RIOS results. As already commented for the
nitrogen system this is a clear fingerprint for the neglecting of rotations in RIOS calculations.

Apart form that, RIOS calculations substantially confirmed results obtained in the quasi-
classical study. The RIOS thermal rate coefficient is 9.2x10"13cm3molecule"1s"1. This value
is about 1/3 the value obtained from quasiclassical calculations. The same type of deviation
applies to other dynamical and kinetic properties.

Work is in progress to extend these calculations to the reaction of O(2P) with NO.

For the O(lD) ~-HCl reaction an ab initio calculation at a Self Consistent Field Configura-
tion Interaction (SCF-CI) level was carried out. Multi Reference Configuration Interaction
(MRCI) calculations were performed at selected nuclear configurations to improve the de-
termination of barrier heights and exoergicities. The LAGROBO functional has then been
fitted to the ab initio values alter a correction introduced to reproduce the energetic bal-
ance of the process. Using trajectory calculations theoretical estimates of the experimental
observables have been compared with measured data. In particular, the calculations repro-
duced the backward-forward shape of the measured product angular distribution including
the backward bias. The calculations reproduced also the measured brandling ratio at the
two energies of the experiment. We also calculated the rate coefficient for both t product
channels at different temperatures.
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